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Introduction 


Cancer  invasion  and  metastasis  are  complex  processes  in  which  controlled  and 
focalized  extracellular  matrix  (ECM)  degradation  facilitates  cellular  migratory  activity. 
ECM  turnover  is  regulated  temporally  and  spatially  by  the  concerted  action  of  several 
interacting  proteolytic  systems  including,  most  prominently,  the  generation  of  plasmin  by 
the  urokinase  (uPA)-dependent  pathway  of  plasminogen  activation  (Dano  et  al.,  1994; 
Andreasen  et  al.,  1997).  Plasmin,  in  turn,  degrades  the  ECM  directly  as  well  as  indirectly 
by  activating  latent  metallo-proteinases  (e.g.,  MMP1, 2, 9)  (Dano  et  al.,  1987;  Vaheri  et 
al.,  1990;  Pollanen  et  al.,  1991).  Within  this  context,  plasminogen  activator  inhibitor 
type-1  (PAI-1)  plays  a  primary  role  as  a  negative  regulator  of  the  plasmin-based 
pericellular  proteolytic  cascade  by  complexing  to,  and  inhibiting  the  catalytic  activity  of, 
free  as  well  as  receptor-bound  uPA  (Blasi  et  al.,  1987;  Andreasen  et  al.,  1997).  This 
cascade  directly  influences  the  overall  tissue  site  proteolytic  balance  and  is  a  critical 
determinant  in  directed  cell  movement,  extracellular  matrix  (ECM)  invasion  and  tumor 
metastasis  (Pepper  et  al.,  1987;  1992;  Okedon  et  al.,  1992;  Jeffers  et  al.,  1996;  Mazzier  et 
al.,  1997;  Wysocki  et  al.,  1999;  Providence  et  al.,  2000, 2002;  Reijerkerk  et  al.,  2000; 
Brooks  et  al.,  2001).  Recent  studies  in  PAI-1_/"  mice  confirmed  the  importance  of  PAI-1 
in  tumor  spread  and  the  associated  angiogenic  response  (Bajou  et  al.,  1998, 2001; 
Gutierrez  et  al.,  2000;  McMahon  et  al.,  2001;  Stefansson  et  al.,  2001).  A  critical  balance 
between  proteases  and  their  specific  inhibitors,  thus,  has  been  suggested  as  necessary  to 
maintain  an  ECM  scaffold  structure  compatible  with  efficient  cellular  locomotion  (Bajou 
et  al.,  2001).  Cell  type-specific  synthesis  and  subcellular  targeting  of  PAI-1  and  uPA, 
moreover,  are  important  considerations  in  modulation  of  the  pericellular  proteolytic 
environment.  Temporal  changes  in  the  expression,  focalization,  and/or  relative  activity 
of  this  protease/inhibitor  pair  influence  cell  migration  either  as  a  direct  consequence  of 
ECM  barrier  proteolysis  or  by  modulating  cellular  adhesive  interactions  with  the  ECM 
(Ciambrone  and  McKeown-Longo,  1990;  Blasi,  1996, 1997;  Bajou  et  al.,  2001).  This 
has  direct  relevance  to  outcomes  in  human  breast  cancer.  Clinical  studies  have 
demonstrated  that,  in  general,  elevated  tumor  levels  of  uPA,  its  cell  surface  receptor 
(uPAR),  and  PAI-1  are  conducive  to  breast  tumor  metastasis  and  associated  with  poor 
disease  prognosis  (Schmidt  et  al.,  1992;  Duffy,  1996;  Pedersen  et  al.,  1994).  The  role  of 
PAI-1  as  a  determinant  in  aggressive  growth  behavior  is  particularly  important  in 
mammary  carcinoma  (Costantini  et  al.,  1996;  Gandolfo  et  al.,  1996;  Mayerhofer  et  al., 
1996;  Fersis  et  al.,  1996;  Torre  and  Fulco,  1996;  Foekens  et  al.,  1995;  Cufer  et  al.,  2002; 
Look  et  al.,  2002;  Fox  et  al.,  2001).  More  recently,  PAI-1  has  been  shown  to  be 
markedly  promigratory  for  invasive  breast  cancer  cells,  an  effect  attenuated  by  direct 
inhibition  of  PAI-1  function  (Chazaud  et  al.,  2002).  These  data  highlight  the  potential 
relevance  of  PAI-1  modulation  as  a  means  to  treat  human  breast  cancer  and  complement 
our  own  work  on  genetic  targeting  of  PAI-1  mRNA  transcripts  with  subsequent 
attenuation  of  cellular  motile  traits  (Providence  et  al.,  2000).  The  purpose  of  this  work, 
therefore,  is  to  utilize  a  molecular  approach  to  manipulate  levels  of  PAI-1  expression  in 
human  breast  carcinoma  cells  for  the  purpose  of:  (1)  generating  panels  of  genetically- 
engineered  human  breast  cancer  cells  which  vary  in  levels  of  PAI-1  expression/synthesis, 
(2)  assessing  the  in  vitro  growth  characteristics  of  these  cells  (specifically  as  regards 
invasive  behavior),  and  (3)  evaluating  the  usefulness  of  the  PAI-1  gene  as  an  in  vivo 
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therapeutic  target.  To  do  this,  we  have  constructed  vectors  bearing  full-length  PAI-1 
cDNA  inserts.  Expression  of  this  cDNA,  cloned  in  both  sense  and  antisense  orientations, 
is  under  control  of  various,  tandemly-linked,  copies  of  (MYC-responsive)  E-box 
promoter  sequences  to  take  advantage  of  the  endogenous  breast  cancer  MYC  protein  as  a 
means  to  regulate  transcriptional  strength.  Such  utilization  of  tumor-associated 
anomalies  in  transcription  factor  (i.e.,  MYC)  expression  to  direct  genetic-based 
intervention  therapies  is  a  novel  approach  to  cancer  treatment.  This  strategy,  moreover, 
addresses  the  more  aggressive  breast  tumor  cell  type,  the  highly  proteolytically  active 
potentially  metastatic  cells,  for  specific  therapy.  Our  approach  takes  advantage  of  the 
amplified  MYC  expression  typical  of  breast  carcinoma  to  transactivate  transfected 
vectors  resulting  in  high  level  sense  and  antisense  PAI-1  transcript  production.  These 
studies  will  provide  information  critical  to  the  eventual  design  of  tumor  type-appropriate 
targetable  delivery  systems  for  genetic  therapy  of  breast  cancer. 


Body  of  Report 

We  had  originally  hypothesized  that  over-expression  of  PAI-1  by  malignant 
epithelial  cells  was  an  important  aspect  in  the  progression  of  a  relatively  indolent 
localized  tumor  to  an  invasive,  highly  metastatic,  phenotype.  Based  on  data  summarized 
in  the  Introduction,  our  working  model  is  that  temporal  changes  in  the  expression, 
focalization,  and  or  relative  activity  of  urokinase  PA/PAI-1  may  influence  cellular 
migration  and  invasive  traits  either  as  a  direct  consequence  of  ECM  barrier  proteolysis  or 
by  modulating  cellular  adhesive  interactions  (via  cycles  of  adhesion/de-adhesion)  with 
the  supporting  matrix.  This  is  consistent  with  recent  findings  indicating  that  PAI-1, 
specific  integrins,  and  urokinase  PA  function  coordinately  to  regulate  adhesive  events 
important  in  the  control  of  cell  movement  (Ossowski  and  Aguirro-Ghiso,  2000).  Our 
recently  published  observations  (Providence  et  al.,  2000;  Kutz  et  al.,  2001)  provide  initial 
experimental  verification  of  this  concept  using  a  relatively  simple  culture  system  of 
induced  epithelial  cell  locomotion  over  a  planar  substrate.  In  this  model,  PAI-1 
expression  “targeting”  with  antisense  vectors  attenuated  both  PAI-1  protein  synthesis  and 
2-D  planar  migration.  Two  aspects  of  this  work  are  directly  relevant  to  the  working 
hypothesis  of  the  present  grant.  Epithelial  cells  exhibit  a  location-specific  distribution  of 
PAI-1  expressing  cells  (i.e.,  only  locomoting  cells  express  this  SERPIN)  and  down- 
regulation  of  PAI-1  synthesis  and  its  matrix  deposition  in  epithelial  cells  transfected  with 
a  PAI-1  antisense  expression  vector  significantly  impaired  cell  migration.  Most 
importantly,  it  was  possible  to  “rescue”  a  PAI-1  functionally-null,  motild-deficient, 
epithelial  cell  line  by  transfection  with  a  PAI-1  expression  vector  (Providence  et  al., 
2000).  Rescued  cells  expressed  approximately  normal  levels  of  PAI-1  and  efficiently 
locomoted  in  response  to  a  denuding  stimulus.  Moreover,  we  most  recently  have 
constructed  two  PAI-1 -GFP  expression  vectors  regulated  by  an  upstream  CMV  promoter 
or  800  bp  of  endogenous  PAI-1  promoter  sequences  (Figure  1).  This  vector  was  used  to 
confirm  deposition  of  PAI-1  into  cellular  migration  tracks.  We  have  taken  advantage  of 
the  availability  of  this  vector  to  engineer  additional  breast  cancer  lines  that  express  PAI- 
1-GFP  (described  below  as  well  as  in  Key  Research  Accomplishments).  This  provides 
a  marker  to  “track”  highly  aggressive  human  breast  cancer  cells  in  vitro  or  following 
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transplantation  into  nude  mice  thus  providing  a  sensitive  tag  to  detect  micrometastases. 
Gene  expression  patterns,  adhesion  and  motility  of  transfectant  MCF-7  and  MDA-MB- 
231  cells  were  assessed  for  each  (CMV-,  PAI-1-  or  E-box-driven)  construct. 

The  Specific  Aims  of  this  proposal  were  (1)  to  generate  transfectants  of  human  breast 
carcinoma  cells  that  vary  in  PAI-1  expression  at  both  the  mRNA  and  protein  levels  and  to 
characterize  the  in  vitro  growth  traits  of  these  genetically-engineered  cells,  (2)  to  assess 
the  in  vivo  growth  characteristics  of  human  breast  carcinoma  cells  designed  to  express 
different  levels  of  PAI-1  using  the  results  obtained  in  Aim  1  to  identify  the  most 
important  candidate  clones  to  evaluate,  and  (3)  to  initiate  studies  to  assess  the 
targetability  of  in  vzvo-implanted  human  breast  tumor  cells  with  potential  therapeutically- 
relevant  vectors  as  concluded  from  results  obtained  on  work  directed  to  Aims  1  and  2. 

To  achieve  these  aims,  the  goals  in  Tasks  1  and  2  in  the  originally  proposed 
Statement  of  Work  were  as  follows: 

Task  1:  to  assess  the  effects  of  vector-directed  PAI-1  expression  on  in  vitro 
growth  traits  of  human  breast  carcinoma  cells. 

(a)  Develop  a  panel  of  transfectant  MCF-7  (estrogen  responsive)  and  MDA-MB- 
231  (estrogen  receptor  negative)  breast  carcinoma  cells  which  express 
differing  levels  of  vector-driven  PAI-1  mRNA  and  protein. 

(b)  Perform  assays  to  assess  the  in  vitro  growth  characteristics  of  the  individual 
transfectant  cell  lines. 

(c)  Correlate  levels  of  PAI-1  gene  expression  for  each  transfectant  cell  line  with 
specific  in  vitro  growth  traits. 

Task  2:  to  assess  the  effects  of  vector-driven  PAI-1  expression  on  in  vivo 

traits  of  the  individual  transfectant  human  breast  carcinoma  cell  lines. 

(a)  Perform  assays  to  determine  the  in  vivo  growth  traits  and  metastatic 
characteristics  of  the  individual  transfectant  cell  lines. 

(b)  Confirm  maintenance  of  vector  sequences  and  level  of  PAI-1  gene  expression 
in  any  resultant  tumors. 

(c)  Initiate  a  feasibility  study  to  evaluate  vector  “targetability”  of  in  vivo  breast 
carcinoma  implants. 

We  have  completed  work  designed  to  address  Task  1.  A  total  of  32  different 
stable  transfectant  breast  carcinoma  cell  lines  were  developed;  17  MCF-7*derived  lines 
bearing  a  positive  sense  PAI-1  expression  vector  (either  Rc/CMVPAI  or  Rc/E-Box  PAI) 
and  in  which  PAI-1  mRNA  levels  varied  from  0.8±0. 1  to  49.6+9.0  fold  over  MCF-7 
parental  or  vector  without  insert  controls  and  15  MDA-MB-231  antisense  PAI-1  (either 
Rc/CMVIAP  or  Rc/E-BoxIAP)  vector-derived  lines  in  which  PAI-1  mRNA  abundance 
was  down-regulated  by  1 1  to  92%  compared  to  exponentially  growing  parental  controls 
or  cells  transfected  with  vector  without  insert.  A  panel  of  6  transfectant  lines  (for  both 
the  MCF-7  and  MDA-MB-231  derived  cell  types)  was  selected  for  analysis  of  in  vitro 
growth  traits  based  on  levels  of  PAI-1  expression  significantly  different  from  either  of  the 
parental  strains.  A  quantitative  analysis  of  these  growth  traits  is  summarized  in  Table  1. 


6 


These  data  support  the  concept  that  PAI-1  is  an  important  promigratory  effector  in  breast 
tumor  cells  consistent  with  observations  in  other  epithelial  cell  systems  (e.g.,  Providence 
et  al.,  2000;  see  also  Figure  2).  Additional  phenotypic  characteristics  of  these  cell  lines 
is  provided  in  Key  Research  Accomplishments.  A  most  important  development  during 
this  last  year  was  our  ability  to  construct  several  chimeric  vectors  in  which  a  PAI-1 -GFP 
fusion  insert  was  cloned  under  control  of  either  CMV  promoter  sequences  (for 
constitutive  insert  expression)  or  PAI-1  promoter  sequences  (for  inducible  expression) 
(the  PAI-1  promoter-driven  PAI-1 -GFP  insert  construct  is  detailed  in  Figure  1).  We 
have  successfully  created  epithelial  transfectants  that  express,  process  and  transport  PAI- 
1-GFP  in  manner  identical  to  the  endogenous  PAI-1  protein.  These  genetically- “tagged” 
cells  can  be  tracked  in  vivo  for  unambiguous  evaluation  of  the  role  of  PAI-1  in  tumor  cell 
invasion  in  vivo  as  well  as  in  the  creation  of  micrometastatic  deposits.  A  new  proposal  is 
currently  in  preparation  (for  submission  to  the  USAMRMC  as  an  IDEA  grant)  that  details 
use  of  these  new  vectors  to  trace  in  vivo  metastases  of  human  breast  carcinoma  implants. 
Transient  transfection  approaches  (employing  the  PAI-1  promoter-PAI-l-GFP  expression 
construct;  Figure  1)  and  use  of  neutralizing  PAI-1  antibodies  confirmed  the  importance 
of  PAI-1  in  breast  carcinoma  motility.  Direct  PAI-1  activity  blockade  with  neutralizing 
antibodies  served  to  evaluate  the  potential  of  PAI-1  function  targeting  as  an  alternative 
approach  to  modulate  breast  tumor  cell  invasive  traits.  PAI-1  neutralizing  antibodies 
promoted  substrate  detachment  (or  blocked  cell-to-substrate  adhesion/spreading)  and 
inhibited  cell  locomotion  (in  both  2-D  “scrape-injury”  planar  models  and  3-D  Matrigel 
invasion  assays)  (Table  2).  In  contrast,  breast  tumor  cell  substrate  attachment  and 
motility  was  significantly  stimulated  by  addition  of  exogenous  active  PAI-1  protein. 
Vector-driven  PAI-1  synthesis  in  MCF-7  and  MDA-MB-231  cells  increased  migratory 
rate  in  both  the  2-D  and  3-D  systems  whereas  targeted  down-regulation  of  PAI-1 
synthesis  in  MDA-MB-231  transfectants  markedly  attenuated  both  cell-to-substrate 
adhesion  and  migratory  activity,  consistent  with  results  using  neutralizing  antibodies. 
Creation  of  high  level  PAI-1  over-expressing  MDA-MB-231  cells  with  the  inducible 
PAI-l-GFP  construct  resulted  in  extensive  accumulation  of  GFP  in  both  membrane 
ruffles  and  the  cellular  undersurface  (similar  to  that  evident  in  transfected  RK  epithelial 
cells;  i.e..  Figure  1)  and  a  significant  increase  (over  parental  MDA-MB-231  cells)  in  2-D 
planar  locomotion  and  3-D  invasive  traits  (Table  3). 

We  have  also  largely  completed  work  designed  to  address  Task  2.  The  7  MDA- 
MB-231 -derived  cell  lines  characterized  in  detail  in  Table  1  were  implanted 
subcutaneously  (3  x  106  cells/injection  site)  in  the  region  of  the  mammary  fat  pad  into 
NCR  nu/nu  mice.  The  incidence  of  tumor  formation  over  a  specific  timejeriod  (10 
weeks)  and  the  ability  to  metastasize  (to  the  adominal  cavity,  lungs  or  liver)  were 
determined  at  necropsy.  Tumor  volume  (in  mm3)  was  estimated  by  caliper  measurements 
of  the  resected  primary  mass.  The  MDA-MB-231 -derived  panel  of  tumor  cells  (Table  1) 
was  specifically  selected  for  this  analysis  since  (1)  metastasis  due  to  implantation  of  this 
cell  line  is  associated  with  adaptation  to  high  uPA  expression  (Seddighzadeh  et  al.,  1999), 
thus,  making  assessments  of  the  primary  inhibitor  of  uPA  activity  (i.e.,  PAI-1)  directly 
relevant  to  tumor  behavioral  outcomes  and  (2)  levels  of  PAI-1  expressionas  a 
consequence  of  constitutive  antisense  transcript  expression  differed  by  over  an  order  of 
magnitude  (Table  1).  Decreased  PAI-1  synthesis  (confirmed  most  recently  using 
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Western  blotting  and  PAI-1 -specific  rabbit  antibodies)  by  MDA-MB-231  transfectants 
was  most  effectively  obtained  with  the  PAI-1  antisense  constructs  in  which  expression 
was  driven  by  E  box-containing  upstream  promoter  elements  (e.g.,  EBIAP  clones  3  and 
21).  Those  clones  exhibiting  the  most  significant  PAI-1  down-regulation  produced  the 
slowest  growing  tumors  upon  subcutaneous  transplantation  into  nude  mice.  Unlike 
parental  MDA-MB-231  cells  or  transfectants  in  which  PAI-1  levels  were  not  appreciably 
decreased  (e.g.,  clone  CMVIAP-6)  and  which  exhibited  the  capacity  to  form  lung 
nodules,  clones  EBIAP-3  and  21  were  non-metastatic  (summarized  in  Table  4).  We  had 
originally  intended  to  directly  confirm  levels  of  PAI-1  mRNA  transcript  expression  by 
PCR  (as  a  measure  of  in  vivo  efficacy  of  antisense  vector  function)  in  tumors  that  resulted 
from  transplantation  of  genetically-engineered  MDA-MB-231  transfectants.  This  was 
determined  not  to  be  possible  for  two  reasons:  (1)  the  angiogenic  response  to  transplanted 
tumors,  regardless  of  size,  brought  PAI-1+  endothelial  cells  into  close  proximity  of  the 
tumor  mass  making  it  impossible  to  distinguish  MDA-MB-231-  from  (endothelial)  host- 
derived  PAI-1  mRNA  by  this  technique  and  (2)  the  high  incidence  of  necrotic  “cores” 
evident  upon  growth  of  the  EBIAP  clones  2  and  21  in  nude  mice  made  recovery  of  PCR 
quality  RNA  difficult.  To  avoid  problems  associated  with  issue  (1)  above,  we  are 
planning  to  explore  the  use  of  the  PAI-1'7'  mouse  as  host  for  future  transplantation  studies 
with  this  panel  of  MDA-MB-23 1  transfectants.  We  have  already  established  a  breeding 
colony  of  PAI-1'7'  at  this  institution  for  this  purpose.  To  address  issues  (1  and  2)  above, 
future  proposals  will  suggest  use  of  in  situ  hybridization  with  species-specific  PAI-1 
probes  to  distinguish  human  tumor  cell  from  mouse  host  endothelial  PAI-1  transcripts  (in 
the  event  that  PAI-1'7'  mice  prove  unsuitable  hosts  for  human  breast  tumor  cell 
xenografts)  combined  with  harvest  of  relatively  early  stage,  minimally-necrotic,  tumor 
tissue. 


Key  Research  Accomplishments 

A  panel  of  transfectant  human  breast  carcinoma  cell  lines  (derived  from  both 
MCF-7  and  MDA-MB-231  parental  stocks)  was  developed  that  varied  in  vector-driven 
synthesis  of  PAI-1  mRNA  and  protein.  These  cell  lines  were  suitable  for  conduct  of  all 
in  vitro  and  in  vivo  growth  assessments  as  originally  proposed. 

Comparisons  between  in  vitro  growth  traits  and  PAI-1  expression  as  a  function  of 
cell  growth  activation  indicated  that  MCF-7  cells  were  low  to  non-PAI-1  expressing 
regardless  of  proliferative  stages  (i.e.,  quiescent  vs.  cycling  G1  vs.  exponentially 
growing)  whereas  MDA-MB-231  cells  expressed  relatively  high  levels  of  PAI-1 
mRNA/protein,  particularly  in  serum-supplemented  culture  conditions.  This  differential 
in  PAI-1  synthesis  correlated  with  the  low  intrinsic  motility  (i.e.,  directed  migration 
across  denuded  planar  surfaces)  of  MCF-7  cells  compared  to  the  highly  migratory 
phenotype  of  MDA-MB-231  carcinoma  cells.  A  manuscript  is  currently  in  preparation 
detailing  this  expression  defect  in  the  MCF-7  lineage  and  reprints  will  be  forwarded  to 
the  USAMRMC  when  received.  A  related  series  of  studies  indicated  that  the  relatively 
high  endogenous  level  of  PAI-1  synthesized  by  human  breast  tumor  cells  of  the  MDA- 
MB-231  lineage  could  be  inhibited  by  the  pharmacologic  compound  PD98058  suggesting 
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that  mitogen-activated  kinases  were  important  transducers  of  signals  that  regulated 
expression  of  this  motogenic  protein. 

Extent  of  cell  spreading  on  vitronectin-coated  bacteriological  culture  dishes  was 
approximately  inversely  related  to  the  level  of  PAI-1  expressed  by  transfected  MCF-7 
cells  (i.e.,  MCF-7  cells  attached  and  spread  onto  vitronectin;  the  extent  of  cell  spreading 
decreased  with  increasing  vector-driven  expression  of  PAI-1).  There  was  no  direct 
quantitative  relationship  between  MCF-7  cell  spreading  on  fibronectin  and  PAI-1  levels 
although  high  PAI-1  expressing  MCF-7  cells  were  flatter  on  fibronectin-coated  dishes 
compared  to  their  low-PAI-1  expressing  counterparts.  MDA-MB-231  parental  cells  that 
constitutively  synthesized  abundant  PAI-1  mRN A/protein  were  highly  motile  and  formed 
extensive  membrane  ruffles  (indicative  of  a  locomoting  phenotype).  PAI-1  antisense 
vector-directed  down-regulation  of  PAI-1  synthesis  in  clonal  isolates  of  MDA-MB-231 
cells  resulted  in  modified  cell  spreading  (compared  to  parental  controls),  loss  of 
membrane  ruffling  and  decreased  migration  across  a  planar  substrate. 

Increased  PAI-1  expression  in  PAI-1  sense  vector  MCF-7  transfectants  resulted  in 
an  increase  in  random  migration  as  well  as  augmenting  both  the  chemokinetic  and 
chemotactic  index.  PAI-1  expression  was  necessary  for  elaboration  of  the 
migratory/invasive  phenotype  in  MDA-MB-231  cells  as  a  vector-driven  down-regulation 
of  PAI-1  synthesis  in  this  cell  type  reduced  the  fraction  of  cells  capable  of  random, 
chemokinetic  and  chemotactic  migration.  These  data  are  summarized  in  Table  1. 

Exogenously-supplied  recombinant  PAI-1  protein  (either  wild-type  or  the  long- 
lived  stabilized  PAI-1  P14  mutant)  significantly  enhanced  substrate  attachment,  2-D 
planar  migration  and  barrier  invasion  traits  of  MDA-MB-231  breast  tumor  cell. 

Consistent  with  these  findings  and  previously  published  results,  use  of  PAI-1  neutralizing 
antibodies  effectively  inhibited  cellular  adhesion  (i.e.,  attachment  and  spreading)  as  well 
as  migration  in  both  2-D  and  3-D  assay  systems. 

Breast  tumor  cells  were  transfected  with  expression  constructs  in  which  synthesis 
of  a  chimeric  PAI-1 -GFP  insert  driven  by  either  a  CMV  promoter  or  PAI-1  promoter 
sequences.  These  cell  express,  process,  and  secrete  a  PAI-1 -GFP  fusion  protein  that  has 
biological  characteristics  identical  to  that  of  the  endogenous  PAI  protein  with  synthesis 
patterns  identical  to  those  identified  in  transfected  RK  cells  (Figure  1).  These  cells  will 
be  important  in  evaluation  of  micrometastases. 

Targeted  down-regulation  of  PAI-1  synthesis  in  MDA-MB-231  human  breast 
carcinoma  cells  with  the  PAI-1  EB -driven  antisense  construct  inhibited  tumor  growth  and 
prevented  the  development  of  lung  nodules. 
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Reportable  Outcomes 


1.  Manuscripts,  abstracts,  and  presentations  that  directly  resulted  from  support  of 
this  project  by  the  Department  of  the  Army  under  grant  DMD17-98-1-8015  are 
listed  in  the  Appendix  under  “Additional  Requested  Information”. 

2.  Development  of  cell  lines: 

All  MCF-7  and  MDA-MB-231  cell  lines  and  their  transfectant  derivatives  will  be 
maintained  in  Dr.  Higgins’  laboratory.  These  cells  will  be  made  available  upon 
request  to  members  of  the  scientific  community  engaged  in  breast  cancer  research. 

3.  The  development  of  several  potentially  useful  vectors  and  chimeric  constructs 
was  possible  upon  funding  of  this  program.  Maps  of  these  vectors  and  details  with 
regard  to  use  in  breast  cancer  and  other  cell  types  will  be  provided  upon  request. 


Conclusions 

The  following  is  a  summary  of  the  conclusions  of  the  present  report  and  the 
implications  of  the  results  obtained. 

PAI-1  expression  levels  in  indolent  breast  carcinoma  cells  (e.g.,  MCF-7)  are  low 
relative  to  the  abundant  expression  of  PAI-1  mRNA/protein  characteristic  of  highly 
aggressive  and  metastatic  breast  tumor  cell  types  (e.g.,  the  MDA-MB  231  cell  line) 
suggesting  that  expression  is  linked  to  the  biological  behavior  of  a  particular  breast 
tumor  rather  than  simply  to  cellular  proliferation.  These  results  suggest  that 
assessments  of  PAI-1  synthesis  in  breast  cancers  may  represent  an  important 
parameter  for  patient  classification.  Indeed,  a  survey  of  the  most  recent  studies  that 
address  this  issue  (summarized  in  the  Introduction)  has  clearly  indicated  that  tumor 
PAI-1  levels  are  not  only  important  in  patient  stratification  but  that  such  levels  are 
predictive  of  relapse,  extent  of  disease-free  survival,  and  indicative  of  the  tumor 
angiogenic  response.  Patients  presenting  with  high  PAI-1 -positive  primary  breast 
tumors  may  benefit  from  more  aggressive  therapy  and  post-operative  surveillance. 
Analysis  of  our  transfectant  tumor  cell  lines  additionally  indicates  that  high  levels  of 
PAI-1  expression  clearly  modulates  cell-to-matrix  protein  attachment  properties  and 
facilitates  the  elaboration  of  an  invasive  phenotype.  Our  studies  detailing  the  effect 
of  molecular  targeting  of  PAI-1  gene  expression  in  epithelial  cells  on  induced 
directional  migration  into  scrap-denuded  “wounds”  (Providence  et  al.,  2000)  is 
consistent  with  the  present  findings  implicating  PAI-1  as  an  essential  element  in  the 
migratory  apparatus  of  breast  carcinoma  cells.  Our  new  technologic  advance  that 
enables  us  to  actually  visualize  a  PAI-1 -GFP  fusion  protein  in  the  migration  “trails” 
of  transfected  cells  during  the  real  time  of  cell  movement  reinforces  our  gene 
targeting  findings.  The  ability  to  influence  both  the  rate  of  tumor  growth  and  the 
metastatic  capacity  of  human  breast  carcinoma  cells  by  PAI-1  expression  targeting, 
moreover,  highlights  the  importance  of  this  protein  in  carcinoma  progression  and 
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provides  new  insights  into  the  previously  paradoxical  relationship  between  high 
tumor  levels  of  PAI-1  and  poor  prognosis.  Collectively,  these  data  support  the 
original  hypothesis  that  the  PAI-1  gene  represents  a  reasonable  (and  now  clearly  an 
accessible)  therapeutic  target  in  the  treatment  and  management  of  aggressive  human 
breast  cancers.  Our  work  has  also  afforded  an  important  opportunity  to  create 
genetically-engineered  human  breast  cancer  lines  and  targeted  vector  systems  that  we 
believe  will  be  critical  tools  for  future  studies  on  gene  therapy  approaches  to  breast 
cancer  management. 
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APPENDIX 


Several  manuscripts  detailing  results  of  this  study  in  the  MCF-7  and 
MDA-MB-23 1  clonal  isolates  are  currently  in  preparation.  As  these  reprints 
become  available  they  will  be  forwarded  to  the  USAMRMC 
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Table  1.  Migratory  characteristics  of  parental  and  transfectant  human  breast 
carcinoma  cell  lines. 


Relative 

Migration  Indices 

Cell  Line  PAI-1  Expression 

Chemokinetic 

Chemotactic 

MCF-7 

1.0 

276±129 

366+109 

7/CMV 

0.8±0.1 

201±74 

290±59 

7/EBPAI-D 

4+1 

297+101 

431+207 

7/CMVPAI-E 

12+3 

432+88 

716±244 

7/CMVPAI-B 

22+5 

699±121 

701+153 

7/CMVPAI-K 

30±6 

748±97 

1289±346 

7/CMVPAI-H 

49+9 

1121+277 

3348+601 

MDA-MB-231 

100 

742+93 

2392+316 

231/CMV 

108±1 1 

891±76 

2203±237 

231/CMVIAP-6 

89±20 

525+43 

1 1 14±179 

231/CMVIAP-9 

64±7 

312±44 

700±191 

231/EBIAP-15 

40+9 

285+59 

513±105 

231/EBIAP-3 

17+6 

171±22 

327+98 

231/EBIAP-21 

8+3 

143+6 

202+53 

Relative  PAI-1  Expression  for  MCF-7  transfectants  =  fold  increase  in  de  novo 
synthesized  PAI-1  protein  relative  to  parental  cells  (set  at  1.0). 

Relative  PAI-1  Expression  for  231  transfectants  =  %  decrease  in  de  novo  synthesized 
PAI-1  protein  relative  to  parental  cells  (set  at  100%). 

Migration  Indices  for  the  chemokinetic  (without  attractant  gradient)  and  chemotactic 
(with  attractant  gradient)  indicates  the  number  of  cells  migrating  to  the  lower  chamber  of 
a  micro-chemotaxis  apparatus  within  3  hours  after  seeding  of  5  x  104  cells  to  the  upper 
chamber. 

Data  expressed  =  mean+standard  deviation 


Table  2.  Effect  of  PAI-1  and  PAI-1  neutralizing  antibodies  on  adhesive  and 
migratory  characteristics  of  MDA-MB-231  human  breast  carcinoma  cells. 


Treatment  Adhesion 


None 

100 

4PAI-1  (lug) 

136*9 

PAI-1  (5pg) 

166*13 

5PAI-1P14  (lpg) 

179*26 

PAI-1P14  (5pg) 

202*34 

6control  IgG 

98*4 

PAI-1  nlgG 

15*3 

2-D  Migration  Invasion' 


100 

100 

127*6 

143*11 

139*8 

162*15 

144*14 

133*17 

151*18 

189*22 

96*5 

102*8 

47*10 

30*6 

1  Adhesion  represents  the  %  cells  that  attach  and  spread  on  a  tissue  culture  plate  within  2 
hours  after  seeding  in  10%  FBS-containing  medium  relative  to  non-treated  control  cells 
(control  value=100%) 


2  Planar  migration  rate  relative  to  control  cells  as  measured  24  hours  post-scrape  injury 
(method  of  Providence  et  al.,  2000) 

3  Fraction  (%  of  control)  of  cells  that  migrate  to  the  bottom  of  Matrigel-coated  transwell 
filters  24  hours  after  seeding  to  the  top  chamber. 


4  Wild-type  recombinant  PAI-1  used  at  1  or  5  pg/ml. 

5  Stabilized  recombinant  PAI-1  (PAI-1P14;  H10R,  N150H,  K154T,  Q319L,  M354I, 
T333R  mutant)  used  at  1  or  5  pg/ml. 

6IgG  control  or  neutralizing  IgG  (nlgG)  used  at  5  pg/ml. 

Data  expressed  =  mean±standard  deviation 
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Table  3.  Migratory  characteristics  of  MDA-MB-231  transfectant  cells  expressing  a 
PAI-l-GFP  fusion  protein. 


Cell  Type  Migration3  Invasion4 

Control  100  100 

GFP  transfectants1  98*3  94*8 

PAI-l-GFP  transfectants2  139*12  163*37 


1.  Cell  transfected  with  a  GFP-producing  vector  only. 

2.  Cells  transfected  with  the  chimeric  PAI-l-GFP  expression  vector  (Figure  1) 

3.  2-D  planar  migration  rate  relative  to  control  cells  (i.e.,  untransfected  parental  stock)  as 
determined  24  hours  post-scrape  injury  (method  of  Providence  et  al;  2000). 

4.  Fraction  (%  of  control)  of  cells  that  migrate  to  the  bottom  of  Matrigel-coated  transwell 

filters  24  hours  after  seeding  to  the  top  chamber. 

Data  expressed  =  means  *•  standard  deviation 
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Tabel4.  Tumorigenicity  of  MDA-MB-231  transfectants 


C* 


CeULine 

MDA-MB-231 

231/CMV 

231/CMVIAP-6 

231/CMVIAP-9 

231/EBIAP-15 

231/EBIAP-3 

231/EBIAP-21 


Tumor  Incidence1 

2/2  (1356) 
2/2(1191) 
3/3  (1262) 
2/3  (874) 

3/3  (713) 

2/3  (557) 

3/3  (412) 


Lung  Nodules2 

2/2 

2/2 

2/3 

2/3 

1/3 

0/2 

0/3 


1 .  Incidence  of  tumors  formed  upon  inoculation  of  3xl06  cells  subcutaneously  in  the 
region  of  the  mammary  fat  pad.  The  number  in  parenthesis  indicates  the  mean  tumor 
volume  (mm3)  calculated  at  10  weeks  post-injection. 

2.  Incidence  of  one  or  more  grossly  visible  lung  nodules  in  mice  that  formed  tumors 
upon  transplantation  with  the  indicated  cell  type. 
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determined  by  Western  blotting  of  cell  extracts  at  the  24  hour  time  point  (insert  in  B). 
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SUMMARY 

The  type-1  inhibitor  of  plasminogen  activator  (PAI-1)  is  an 
important  physiological  regulator  of  extracellular  matrix 
(ECM)  homeostasis  and  cell  motility.  Various  growth 
factors  mediate  temporal  changes  in  the  expression  and/or 
focalization  of  PAI-1  and  its  protease  target  PAs,  thereby 
influencing  cell  migration  by  barrier  proteolysis  and/or 
ECM  adhesion  modulation.  TGF-J31,  in  particular,  is 
an  effective  inducer  of  matrix  deposition/turnover,  cell 
locomotion  and  PAI-1  expression.  Therefore,  the 
relationship  between  motility  and  PAI-1  induction  was 
assessed  in  TGF-pl-sensitive  T2  renal  epithelial  cells.  PAI- 
1  synthesis  and  its  matrix  deposition  in  response  to  TGF- 
(31  correlated  with  a  significant  increase  in  cell  motility. 
PAI-1  expression  was  an  important  aspect  in  cellular 
movement  as  PAI- 1-deficient  cells  had  significantly 
impaired  basal  locomotion  and  were  unresponsive  to  TGF- 
(31.  However,  the  induced  migratory  response  to  this  growth 
factor  was  complex.  TGF-J31  concentrations  of  1-2  ng/ml 
were  significantly  promigratory,  whereas  lower  levels  (0.2- 
0.6  ng/ml)  were  ineffective  and  final  concentrations  >5 
ng/ml  inhibited  T2  cell  motility.  This  same  growth  factor 
range  progressively  increased  PAI-1  transcript  levels  in  T2 
cells  consistent  with  a  bifunctional  role  for  PAI-1  in  cell 
migration.  TGF-|31  induced  PAI-1  mRNA  transcripts  in 
quiescent  T2  cells  via  an  immediate-early  response 
mechanism.  Full  TGF-pi-stimulated  expression  required 
tyrosine  kinase  activity  and  involved  MAPK/ERK  kinase 
(MEK).  MEK  appeared  to  be  a  major  mediator  of  TGF- 
(31 -dependent  PAI-1  expression  and  T2  cell  motility  since 
PD98059  effectively  attenuated  both  TGF-pi -induced 
ERK1/2  activation  and  PAI-1  transcription  as  well  as  basal 


and  growth  factor-stimulated  planar  migration.  Since 
MEK  activation  in  response  to  growth  factors  is  adhesion- 
dependent,  it  was  important  to  determine  whether  cellular 
adhesive  state  influenced  TGF-pl-mediated  PAI-1 
expression  in  the  T2  cell  system.  Cells  maintained  in 
suspension  culture  (i.e.,  over  agarose  underlays)  in  growth 
factor-free  medium  or  treated  with  TGF-pl  in  suspension 
expressed  relatively  low  levels  of  PAI-1  transcripts 
compared  with  the  significant  induction  of  PAI-1  mRNA 
evident  in  T2  cells  upon  stimulation  with  TGF-(3l  during 
adhesion  to  a  fibronectin-coated  substrate.  Attachment  to 
fibronectin  alone  (i.e.,  in  the  absence  of  added  growth 
factor)  was  sufficient  to  initiate  PAI-1  transcription,  albeit 
at  levels  considerably  lower  than  that  induced  by  the 
combination  of  cell  adhesion  in  the  presence  of  TGF-(31.  T2 
cells  allowed  to  attach  to  vitronectin-coated  surfaces  also 
expressed  PAI-1  transcripts  but  to  a  significantly  reduced 
extent  relative  to  cells  adherent  to  fibronectin.  Moreover, 
newly  vitronectin-attached  cells  did  not  exhibit  a  PAI-1 
inductive  response  to  TGF-pl,  at  least  during  the  short  2 
hour  period  of  combined  treatment.  PAI-1  mRNA  synthesis 
in  response  to  substrate  attachment,  like  TGF-pl-mediated 
induction  in  adherent  cultures,  also  required  MEK  activity 
as  fibronectin-stimulated  PAI-1  expression  was  effectively 
attenuated  by  the  MEK  inhibitor  PD98059.  These  data 
indicate  that  cellular  adhesive  state  modulates  TGF-pl 
signaling  to  particular  target  genes  (i.e.,  PAI-1)  and  that 
MEK  is  a  critical  mediator  of  the  PAI-1 +/promigratory 
phenotype  switch  induced  by  TGF-pi  in  T2  cells. 

Key  words:  PAI-1,  Gene  expression.  Signal  transduction,  TGF-pl 


INTRODUCTION 

Genetic  analysis  and  adaptation  of  physiologically-relevant  in 
vitro  models  of  wound  repair  have  clarified  basic  mechanisms 
involved  in  the  tissue  response  to  injury  (Garlick  and 
Taichman,  1994;  Romer  et  al.,  1996;  Creemers  et  al.,  2000; 
Providence  et  al.,  2000).  Fundamental  to  this  process  is  the 
conversion  of  normally  sedentary  cells  to  an  actively  migrating, 
invasive  phenotype  (Martin,  1997).  However,  stimulated 
cell  movement  and  locomotion  through  the  provisional 
extracellular  matrix  (ECM)  requires  cycles  of  adhesion- 
deadhesion  and  precise  control  of  the  pericellular  proteolytic 
environment  (Yamada  and  Clark,  1996;  Greenwood  and 


Murphy-Ullrich,  1998;  Xie  et  al.,  1998;  Pilcher  et  al.,  1999). 
Efficient  wound  re-epithelialization  involves  several  protease 
systems  with  repair  outcome  highly  dependent  on  the 
generation  of  plasmin  by  urokinase  plasminogen  activator 
(uPA).  uPA  activity  is  regulated,  in  turn,  by  its  fast-acting  type- 
1  inhibitor  (PAI-1)  (Andreasen  et  al.,  1997;  Lund  et  al.,  1999; 
Zhou  et  al.,  2000;  Legrand  et  al.,  2001).  This  cascade  directly 
influences  the  overall  injury  site  proteolytic  balance  and  is  a 
critical  determinant  in  wound  resolution  (Mazzieri  et  al.,  1997; 
Wysocki  et  al.,  1999)  as  well  as  directed  cell  movement 
(Pepper  et  al.,  1987;  Pepper  et  al.,  1992;  Okedon  et  al.,  1992; 
Providence  et  al.,  2000). 

Injury-induced  cell  motility  is  orchestrated  by  various 
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autocrine/paracrine-acting  growth  factors  (Martin,  1997).  Most 
prominent  are  members  of  the  transforming  growth  factor-^ 
(TGF-P),  fibroblast  growth  factor  (FGF),  and  epidermal  growth 
factor  (EGF)  families  (Boland  et  al.,  1996;  Sato  and  Rifkin, 
1988;  Song  et  al.,  2000;  Ellis  et  al.,  2001;  Goke  et  al.,  2001). 
TGF-p  1  and  activin  A,  in  particular,  integrate  the  complex 
processes  of  tissue  repair  and  cell  migration  (Zambruno  et  al., 
1995;  Munz  et  al.,  1999)  largely  through  control  of  genes  that 
encode  matrix  components  (fibronectin,  type  I  collagen), 
regulators  of  ECM  homeostasis  (e.g.,  uPA,  PAI-1)  and  the 
cellular  adhesive  apparatus  (e.g.,  PAM,  integrin  subunits) 
(Cajotetal.,  1989;  Cajot  et  al.,  1990;  Wrana  et  al.,  1991;  Munz 
et  al.,  1999;  Lai  et  al.,  2000;  Providence  et  al.,  2000). 
Therefore,  growth  factor-initiated  changes  in  the  expression, 
focalization  and/or  relative  activity  of  uPA/PAM  may 
stimulate  or  inhibit  cell  migration  via  ECM  barrier  proteolysis 
or  by  altering  cellular  adhesive  interactions  with  the  ECM 
(Stefansson  and  Lawrence,  1996;  Mignatti  and  Rifkin,  2000). 
Variances  in  PAI-1  synthesis  (Providence  et  al.,  2000)  and/or 
site-localization  (Kutz  et  al.,  1997)  would  specifically  impact 
on  cellular  migration  by  affecting  uPA  activity  as  well 
as  uPAR/vitronectin-  or  integrin/vitronectin-dependent  cell 
attachment  (Ciambrone  and  McKeown-Longo,  1990;  Deng  et 
al.,  1996;  Chapman,  1997;  Stefansson  and  Lawrence,  1996; 
LoskutofF  et  al.,  1999). 

Since  TGF-pl  stimulates  cell  motility  (Kutz  et  al.,  2001), 
PAI-1  induction  (Boehm  et  al.,  1999)  in  response  to  TGF-p  1 
is  probably  critical  to  the  motile  process  and  the  acquisition  of 
epithelial  cell  ‘plasticity’  (Akiyoshi  et  al.,  2001;  Zavadil  et  al., 
2001).  This  was  confirmed  in  the  present  study  using  the  PAI- 
1  -deficient  4HH  cell  line  (Providence  et  al.,  2000)  in  a 
quantitative  model  of  induced  cell  locomotion.  Therefore,  it 
was  important  to  define  mechanisms  involved  in  TGF-p  1- 
dependent  PAI-1  gene  expression.  PAI-1  transcription  in  TGF- 
pl -responsive  T2  epithelial  cells  used  an  immediate-early, 
tyrosine  kinase-mediated,  signaling  pathway.  Moreover,  PAI-1 
induction  and  basal  as  well  as  TGF-p  1 -stimulated  T2  cell 
locomotion  was  MEK-dependent.  The  involvement  of  MEK 
in  TGF-P  1 -initiated  PAI-1  expression  and  the  adhesion- 
dependency  of  MEK  activation  (Renshaw  et  al.,  1997) 
suggested  that  substrate  attachment  may  influence  TGF-p  1- 
induced  PAI-1  gene  regulation.  TGF-pi,  in  fact,  poorly 
induced  PAI-1  transcription  in  cells  maintained  in  suspension 
culture  but  significantly  increased  PAI-1  expression  during 
attachment  to  fibronectin-coated  surfaces.  Cellular  adherence 
to  fibronectin  alone  (i.e.,  in  the  absence  of  TGF-P  1),  and  to  a 
lesser  extent  vitronectin,  also  stimulated  PAI-1  mRNA 
synthesis  indicating  that  adhesive  state  can  modulate  TGF-p  1 
signaling  to  particular  target  genes  (i.e.,  PAI-1). 

MATERIALS  AND  METHODS 
Cell  culture 

T2  and  EC-1  renal  epithelial  cells  and  the  PAI-1 -deficient  4HH  line 
(Providence  et  al.,  2000)  were  cultured  in  DMEM  containing  10% 
fetal  bovine  serum  (FBS)  and  antibiotics.  Cells  were  washed  twice 
with  Hanks’  balanced  salt  solution  (HBSS;  1.3  mM  CaCI2,  5  mM 
KC1, 0.3  mM  KH2PO4, 0.5  mM  MgCl2-6H20,  0.4  mM  MgSO4-7H20, 
0.14  m  NaCl,  4  mM  NaHCO.i,  0.3  mM  Na2HP04,  5.6  mM  glucose) 
then  incubated  in  serum-free  DMEM  for  3  days  to  initiate  a  quiescent 
state  (Kutz  et  al.,  1997).  Cells  were  either  maintained  in  quiescence 


medium  or  stimulated  by  the  direct  addition  of  FBS  or  TGF-p  1  (to 
final  concentrations  of  20%  and  0.2-10.0  ng/ml,  respectively). 
Puromycin  (100  pg/ml),  actinomycin  D  (5  JLtg/ml),  genistein  (100 
jliM),  PD98059  (5-50  nM)  or  wortmanin  (50  nM)  were  added  30 
minutes  prior  to  stimulation  with  FBS  or  TGF-p  I .  For  culture  under 
non-adherent  conditions,  quiescent  T2  cells  were  harvested  by 
trypsinization,  washed  with  soybean  trypsin  inhibitor,  and  plated  on 
1%  agarose  underlays  in  serum-free  DMEM  for  4  hours  (Ryan  et  al., 
1996).  Agarose-suspended  cells  were  maintained  (for  an  additional  2 
hours)  under  non-adherent  conditions  (in  the  presence  or  absence  of 
TGF-p  1)  or  seeded  onto  fibronectin-,  vitronectin-  or  bovine  serum 
albumin  (BSA)-coated  100  mm  plastic  dishes  (coating  concentration 
10  pg  protein/ml)  and  allowed  to  re- attach  for  2-6  hours  (in  the 
presence  or  absence  of  TGF-P  1)  prior  to  RNA  isolation.  Directional 
migration  assays  used  methods  developed  previously  (Providence  et 
al.,  2000).  Three-day  post-confluent  T2  cell  cultures  were  washed 
twice  with  HBSS  and  incubated  for  3  days  in  serum-free  DMEM. 
Monolayers  were  maintained  under  serum-free  or  TGF-P  1  -/serum- 
supplemented  conditions  prior  to  scrape-wounding  using  the  small 
end  of  a  1000  pi  pipette  tip.  Initial  wound  size  was  determined  for 
each  culture  dish  and  extent  of  injury  closure  assessed  24  hours  later 
with  an  inverted  microscope  fitted  with  a  calibrated  ocular  grid. 

Northern  blot  analysis 

Total  cellular  RNA  was  isolated  and  denatured  at  55°C  for  15  minutes 
in  lx  MOPS,  6.5%)  formaldehyde  and  50%;  formamidc  prior  to 
electrophoresis  on  agarose/formaldehyde  gels  (1.2%  agarose,  1.1% 
formaldehyde,  lx  MOPS,  50  mM  sodium  acetate,  1  mM  EDTA,  pH 
8.0).  RNA  was  transferred  to  Nytran  membranes  by  capillary  action 
in  lOx  SSC  (3M  NaCl,  0.3  M  Na  citrate,  pH  7.0),  UV  crosslinked  and 
incubated  for  2  hours  at  42°C  in  50%  formamide,  5x  Denhardt’s 
solution,  1%  SDS,  100  pg/ml  sheared/heat-denatured  salmon  sperm 
DNA  (ssDNA)  and  5x  SSC.  RNA  blots  were  hybridized  with  ?2P- 
labeled  cDNA  probes  for  PAI-1  and  A-50  (Ryan  and  Higgins,  1993) 
for  24  hours  at  42°C  in  50%;  formamide,  2.5x  Denhardt’s  solution, 
1%>  SDS.  100  pg/ml  ssDNA,  5x  SSC  and  10%  dextran  sulfate. 
Membranes  were  washed  3  times  in  O.lx  SSC/0.1%;  SDS  for  15 
minutes  each  at  42°C  followed  by  3  washes  at  55°C  prior  to  exposure 
to  film. 

Microscopy 

Cells  were  washed  twice  with  Ca2+/Mg2+  free  phosphate-buffered 
saline  (PBS-CMF;  2.7  mM  KC1,  1.2  mM  KH2P04,  0.14  M  NaCl, 
8.1  mM  Na2HP04-7H20)  and  fixed  in  10%;  formalin/PBS-CMF  for 
10  minutes.  Following  permeabilization  with  cold  0.5%  Triton  X- 
100/PBS-CMF  (for  PAI-1  immunolocalization)  or  1%;  NP-40/PBS- 
CMF  (for  phalloidin-actin  binding)  for  10  minutes  at  4°C,  cells  were 
washed  3  times  (5  minutes  each)  with  PBS-CMF  then  overlayed  with 
rabbit  antibodies  to  PAI-1  (Kutz  et  al.,  1997)  in  BSA  (3  mg/ml)/PBS- 
CMF.  After  three  PBS-CMF  washes,  cells  were  incubated  with 
fluorescein-conjugated  goat  anti-rabbit  IgG  (1;20  in  BSA/PBS-CMF) 
for  30  minutes  at  37°C,  washed,  and  coverslips  mounted  with  1 00  mM 
/z-propylgalate  in  50%>  glycerol/PBS-CMF.  Rhodamine-phalloidin 
was  used  to  visualize  actin  microfilament  structures  (Ryan  and 
Higgins,  1993). 

MAP  kinase  assays 

Cells  were  extracted  for  30  minutes  in  cold  lysis  buffer  (0.5% 
deoxycholate,  50  mM  Hepes  [pH  7.5],  1%  Triton  X-100,  1%  NP-40, 
150  mM  NaCl,  50  mM  NaF,  1  mM  Na-orthovanadate,  0.1%;  aprotinin, 
4  pg/ml  pepstatin  A,  10  pg/ml  leupeptin,  1  mM  PMSF)  and  lysates 
clarified  by  centrifugation  at  14,000  g  for  15  minutes  at  4°C.  For 
immunoprecipitation,  aliquots  containing  500  pg  protein  were 
incubated  with  2  pg  ERK1/2  antibody  for  2  hours  with  gentle  rocking. 
Protein  A/G  Plus-agarose  (30  pi)  was  added  for  2  hours,  immune 
complexes  collected  by  centrifugation,  washed  twice  with  lysis  buffer 
and  twice  with  100  mM  NaCl  in  50  mM  Hepes  (pH  8.0)  and  then 
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Fig.  1.  PAI-1  deposition  in  T2  cells  after 
stimulation  with  serum  or  TGF-pl.  Quiescent 
(Q)  cell  cultures  were  stimulated  by  addition 
of  FBS  or  TGF-pi  (to  final  concentrations  of 
20%  and  1  ng/ml,  respectively).  After  4  hours, 
cells  were  fixed  and  processed  (see  Materials 
and  Methods)  for  visualization  of 
microfilament  organization  (Actin)  and  PAI-1 
immunolocalization  (PAI-1). 


Actin 


PAI-1 


incubated  at  37 °C  for  15  minutes  in  kinase  reaction  buffer  (10  juCi  32P- 
ATP,  50  (iM  ATP,  20  mM  Hepes  (pH  8.0),  10  mM  MgCl2,  1  mM  DTT, 

1  mM  benzamidine,  0.3  mg/ml  myelin  basic  protein  (MBP)). 
Electrophoresis  buffer  (50  mM  Tris  (pH  6.0),  10%  glycerol,  1%  SDS, 
1%  p-mercaptoethanol)  was  added,  samples  boiled  for  10  minutes  and 
15  |il  aliquots  separated  on  SDS/15%  polyacrylamide  gels.  Proteins 
were  transferred  to  nitrocellulose  in  25  mM  Tris,  190  mM  glycine,  20% 
methanol  and  membranes  exposed  to  film  for  visualization  of 
phosphorylated  MBP.  Western  blotting  for  ERK2  and  total  MBP 
detection  by  Ponceau  S  staining  were  used  to  confirm  equivalent 
loading  per  lane.  For  detection  of  phosphorylated  ERK1/2,  membranes 
were  washed  for  10  minutes  in  0.05%  Triton  X-l  00/PBS -CMF 
followed  by  2  hours  in  wash  solution  containing  3%  milk.  Phospho- 
ERK  monoclonal  antibody  (1:1000)  was  added  for  an  overnight 
incubation  in  blocking  solution  at  room  temperature.  Following  3 
washes  for  20  minutes,  horseradish  peroxidase  (HRP)-labeled  anti¬ 
mouse  secondary  antibody  (1:3000  in  blocking  solution)  was  added  and 
incubated  for  an  additional  1  hour.  Membranes  were  washed  5  times 
for  10  minutes  each  in  wash  solution,  incubated  with  ECL  substrate 
solution  (Amersham,  Piscataway,  NJ)  for  2  minutes  with  gentle  rocking 
and  exposed  to  film.  Membranes  were  stripped  for  90  minutes  at  room 
temperature  using  the  Western  Stripper  Kit  (Bioworld,  Dublin,  Ohio), 
neutralized  then  incubated  in  a  ERK1/2  primary  antibody  mixture  (each 
diluted  1:3000  in  blocking  solution)  followed  by  HRP-anti-rabbit 
secondary  antibody  and  ECL  reagent  as  described  above. 

RESULTS 

TGF-pl  stimulation  of  PAI-1  expression  and 
directional  motility  is  MEK-dependent 

PAI-1  synthesis  and  accumulation  in  the  ventral  undersurface 
region  in  response  to  TGF-pi  (Fig.  1)  correlated  with  a 
significant  increase  in  T2  cell  motility  (relative  to  the  basal  rate 
of  movement  in  the  scrape-wound  assay)  approximating  that 
of  serum-stimulated  cells  (Fig.  2).  This  rather  dramatic  effect 
of  TGF-pi  on  cell  migration  and  cytoarchitecture  is  consistent 
with  involvement  of  TGF-pi  target  genes  (e.g.,  PAI-1)  in 
cellular  ‘plasticity’  and  invasive  behavior  (Zavadil  et  al.,  2001). 
Antibodies  to  PAI-1,  in  fact,  inhibit  cell  attachment  (Higgins 
et  al.,  1991),  promote  substrate  detachment  (Rheinwald  et 
al.,  1987)  and  attenuate  cell  activation  (Kutz  et  al.,  1997). 


Furthermore,  recent  findings  have  highlighted  the  functional 
linkage  between  induced  PAI- 1  synthesis  and  cellular  motility 
(Mignatti  and  Rifkin,  2000;  Providence  et  al.,  2000;  Kutz  et 
al.,  2001).  To  directly  assess  the  role  of  PAI-1  in  growth  factor- 
stimulated  cell  locomotion,  TGF-pi -dependent  wound  closure 
was  compared  in  EC-1  and  4HH  cells.  4HH  is  a  derivative  of 
EC-1  in  which  PAI-1  synthesis  is  specifically  ablated  by  stable 
constitutive  expression  of  PAI-1  antisense  transcripts  under 


Fig.  2.  Stimulation  of  cell  motility  by  serum  or  TGF-pl.  Confluent 
cultures  of  T2  cells  were  incubated  in  serum-free  DMEM  for  3  days 
prior  to  scrape- wounding.  Cells  were  maintained  in  the  FBS-free 
medium  to  assess  basal  migration  (A).  The  percent  (%)  wound 
closure  was  determined  24  hours  later.  Data  plotted  are  the 
means+s.d.  of  20  individual  measurements  made  on  each  of  triplicate 
cultures  for  each  treatment  condition.  Asterisks  indicate  a 
statistically  significant  difference  (Student’s  t-test,  P>0.01)  in  cell 
migration  for  TGF-pi-  and  FBS-supplemented  cultures  compared 
with  basal  (FBS-free)  motility.  The  effect  of  targeted  PAI-1  ablation 
on  basal  (-TGF-pl)  as  well  as  TGF-pl -induced  (+TGF-pl)  cell 
locomotion  was  assessed  in  EC-1  and  4HH  cell  cultures  by 
evaluation  of  the  extent  (%)  of  wound  closure  in  the  absence  and 
presence  of  growth  factor  (1  ng/ml)  (B).  Data  plotted  are  the 
means±s.d.  of  15  individual  measurements  on  duplicate 
cultures/treatment  group.  Asterisk  indicates  a  statistically  significant 
difference  (PcO.Ol)  between  motility  under  growth  factor-free  and 
supplemented  conditions  for  EC-1  cells.  By  contrast,  4HH  cells  were 
unresponsive  to  TGF-pl  in  this  assay. 
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Fig.  3.  Metabolic  requirements  for  TGF-p  I -induced  PAM 
expression.  To  assess  pathways  underlying  induced  PAM 
expression,  quiescent  (Q)  T2  cells  were  stimulated  with  serum  (20%) 
or  TGF-P  1  (1  ng/ml)  for  2  hours,  in  the  presence  or  absence  of  a  30 
minute  pretreatment  with  the  indicated  inhibitors,  prior  to  RNA 
isolation  (A).  Northern  blots  were  hybridized  with  32P-labeIed  cDNA 
probes  for  PAM  and  A-50  simultaneously.  The  inability  of 
puromycin  to  attenuate  either  serum  or  TGF-p  1 -induced  PAM 
transcripts  and  the  sensitivity  of  expression  to  actinomycin  D 
indicated  that  PAM  induction  by  both  stimuli  was  an  immediate- 
early  (i.e.,  primary)  response.  TGF-p  1 -induced  PAM  expression  in 
T2  cells  is  MEK-depcndent  (B).  Quiescent  (Q)  T2  cells  were 
stimulated  with  TGF-p  1  (1  ng/ml)  for  2  hours  in  the  absence  or 
presence  of  a  30  minute  pretreatment  with  PD98059  (50  nM)  prior  to 
isolation  of  RNA.  Northern  blots  were  hybridized  with  32P-labelcd 
cDNA  probes  to  PAI- 1  and  A-50. 


control  of  a  strong  CMV  promoter  (Higgins  et  al.,  1997).  These 
cells  do  not  produce  detectable  PAI-1  protein  under  growth 
factor-supplemented  culture  conditions  (Providence  et  al., 
2000),  thus,  providing  a  tool  to  assess  the  relationship  between 
PAI-1  expression  and  cell  motility.  The  4HH  basal  migration 
rate  (i.e.,  locomotion  in  serunv/growth  factor-free  medium) 
was  <30%  that  of  parental  controls.  Moreover,  relative  to  EC- 
1  cells  in  which  wound  closure  is  significantly  enhanced  by 
TGF-p  1,  4HH  cells  were  unresponsive  and  failed  to  increase 
substantially  their  rate  of  movement  in  TGF-P  1 -supplemented 
medium  (Fig.  2). 

Since  PAI-1  appears  to  be  a  critical  element  in  cellular 
migration,  it  was  important  to  clarify  pathways  by  which  TGF- 
pl  influenced  PAI-1  gene  expression  and  the  motile  phenotype. 
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Fig.  4.  Coupled  ERK  immunoprccipitation/MBP  kinase  assay  for 
assessment  of  TGF-p  1 -induced  ERK  activation.  ERK  1/2  were 
immunoprecipitated  from  lysates  of  quiescent  (Q),  FBS-  and  TGF- 
pl -stimulated  T2  cells.  Exposure  of  quiescent  cells  to  FBS  (20%) 
was  for  15  minutes  and  stimulation  with  TGF-p  1  (j  ng/ml)  was  for 
30,  60  and  90  minutes  prior  to  cell  disruption  and  ERK  1/2 
immunoprccipitation.  MBP  phosphorylation  reaction  products 
(MBP-P)  were  separated  by  gel  electrophoresis;  equivalent  loading 
of  MBP  and  ERK  per  lane  was  confirmed  by  Ponceau  S  staining  (not 
shown)  and  ERK2  western  blotting,  respectively  (A).  In  contrast  to 
the  relatively  rapid  rate  of  ERK  activation  by  scaim  (15  minutes), 
TGF-P  1 -induced  changes  in  ERK  activity  were  not  evident  until  60 
minutes  after  growth  factor  addition  (A),  remained  elevated  for 
approximately  2  hours  and  then  rapidly  declined  (B).  Coupled  ERK 
immunoprccipitation/MBP  phosphorylation  (MBP-P)  assays  (C) 
confirmed  that  ERK  activation  in  TGF-P  I -stimulated  T2  cells  is 
sensitive  to  the  same  pharmacologic  inhibitors  that  attenuate  growth 
factor-induced  PAM  expression.  The  more  pathway  restrictive 
inhibitor  herbimycin  A  (250  nM)  (Fukazawa  et  al.,  1994)  attenuated 
MBP  phosphorylation  but  not  to  the  same  extent  as  genistein  or 
PD98059. 


TGF-p  1 -mediated  PAI-1  transcription,  similar  to  induction  by 
serum,  was  an  immediate-early  response  (i.e.,  resistant  to  protein 
synthesis  inhibitors)  and  significantly  reduced  by  prior  exposure 
to  genistein  (Fig.  3).  The  MEK-specific  compound  PD98059 
effectively  attenuated  (at  the  5-20  nM  range)  (Fig.  3A)  and 
completely  ablated  (at  50  nM)  (Fig.  3B)  TGF-P  1 -induced  PAI- 
1  expression.  In  agreement  with  previous  studies  (Hartsough  and 
Mulder,  1995;  Yonekura  et  al.,  1999),  and  the  PD98059- 
sensitivity  of  PAI-1  induction  (Fig.  3),  addition  of  TGF-p  1  to 
quiescent  T2  cells  stimulated  ERK  1/2  activity.  However,  the 
time  course  of  ERK  activation  by  TGF-P  1  (as  assessed  by  the 
ability  of  ERK  1/2  to  phosphorylate  the  target  substrate  MBP  in 
a  linked  immunoprecipitation-in  vitro  kinase  assay),  was 
delayed  (by  approximately  60  minutes)  compared  with  the  rapid 
induction  (within  15  minutes)  typical  of  serum-treated  cells  (Fig. 
4).  Similarly,  increases  in  phospho-ERKl/2  levels  (sixfold  those 
of  unstimulated  cells)  were  not  evident  until  1  hour  after  addition 
of  TGF-pi  to  quiescent  cultures  (not  shown).  Consistent  with 
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Fig.  5.  The  MEK  inhibitor  PD98059  attenuates  both  basal  and  TGF- 
pl -stimulated  T2  cell  migration.  Initial  experiments  were  designed  to 
determine  the  optimal  concentration  of  TGF-pl  on  wound-induced 
motility  (A).  After  scrape-injury,  TGF-pl  was  added  (in  the 
concentrations  indicated)  and  extent  of  migration  determined  24 
hours  later.  Data  plotted  is  %  increase  in  wound  closure  relative  to 
non- supplemented  (FBS-free)  cultures.  Asterisks  indicate  those 
concentrations  for  which  motility  was  significantly  different  from 
basal  migration  (Student’s  /-test,  P>0.0005).  To  assess  the 
requirement  for  MEK  activity  in  stimulated  cell  movement, 
monolayer  scrape  wound-closure  assays  were  carried  out  in  TGF~pi- 
supplemented  (concentration  range  0,  1,  2  and  5  ng/ml)  serum-free 
medium  in  the  presence  (P)  or  absence  of  PD98059  (50  pM)  (B). 
TGF-pl  at  1  and  2  ng/ml  significantly  increased  T2  cell  directional 
motility  (Student’s  /-test,  P>0.001;  asterisks)  relative  to  basal 
mobility  (0  ng).  In  this  series  of  experiments,  cells  exposed  to  5 
ng/ml  of  the  growth  factor  actually  had  a  decreased  rate  of 
locomotion  relative  to  unsupplemented  controls.  At  each 
concentration  of  TGF-pl,  PD98059  effectively  reduced  wound 
closure;  there  was  no  significant  difference  in  the  %  closure  rate 
among  any  of  the  treatment  groups  in  the  presence  of  PD98059. 


the  metabolic  requirements  for  PAI-1  expression  in  response  to 
TGF-pl  (Fig.  3),  genistein  as  well  as  PD98059  effectively 
blocked  TGF-pl -mediated  ERK1/2  activation  in  coupled 
immunoprecipitation/MBP-phosphorylation  assays  (Fig.  4). 

Although  MEK  was  an  important  intermediate  in  TGF-pl  - 
dependent  PAI-1  transcription,  the  role  of  this  signaling 
pathway  in  TGF-pi -stimulated  T2  cell  motility  was  unclear 
(Kutz  et  al.,  2001).  Since  the  migration-promoting  effects  of 
TGF-pl  are  often  concentration,  as  well  as  context-dependent, 
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Fig.  6.  TGF-pl  concentration-dependent  increase  in  relative  PAI-1 
mRNA  transcripts.  Quiescent  T2  cells  (Q)  were  stimulated  with 
TGF-pl  at  the  indicated  concentrations  and  RNA  isolated  2  hours 
later.  Northern  blots  (insert  for  example)  were  scanned  and  the 
average  PAI-1  transcript  abundance,  normalized  to  A-50  signal, 
calculated  for  2  separate  experiments. 


it  was  necessary  to  define  the  optimal  level  of  growth 
factor  required  to  maximally  stimulate  directional  T2  cell 
locomotion.  Dose-assessments  indicated  that  the  migratory 
response  to  TGF-pl  was  complex.  Motility  rates  in  cultures 
supplemented  with  low  (0.2-0.6  ng/ml)  as  well  as  high  (5 
ng/ml)  TGF-pl  concentrations  were  not  significantly  different 
from  control  values  compared  with  the  obvious  promigratory 
effect  associated  with  exposure  to  1  and  2  ng/ml  (Fig.  5 A). 
TGF-pl  levels  >5  (ig/ml  actually  inhibited  wound-induced  T2 
cell  locomotion  (when  used  alone  or  in  the  presence  of  serum) 
(not  shown).  PAI-1  transcripts  progressively  increased  over  the 
same  growth  factor  concentration  range  (0.5-5. 0  ng/ml)  (Fig. 
6).  Collectively,  these  data  are  consistent  with  the  suggestion 
that  PAI-1  is  a  bifunctional  regulator  of  cellular  motility  with 
positive  effects  likely  restricted  to  a  relatively  narrow 
expression  level  ‘window’  (Mignatti  and  Rifkin,  2000).  Using 
the  determined  optimal  TGF-pl  concentration  (1-2  ng/ml),  as 
well  as  a  subeffective  5  ng/ml  dose,  MEK  activity  appeared 
to  be  important  to  both  TGF-pl -stimulated  PAI-1  gene 
expression  and  planar  motility,  as  PD98059  effectively 
attenuated  both  responses  (Fig.  3;  Fig.  5B). 

Adhesive  controls  on  TGF-pl -induced  PAI-1 
expression  in  T2  cells 

PD98059  blockade  implicated  MEK  as  a  critical  intermediate 
in  the  TGF-pi -initiated  pathway  of  PAI-1  gene  expression 
(Fig.  3).  Growth  factor-  and  integrin-activated  signaling 
pathways  are  interdependent,  often  converging  on  the  MAPK 
cascade  (Zhu  and  Assoian,  1995;  Lin  et  al.,  1997;  Roovers  et 
al.,  1999),  and  MEK  activation  in  response  to  growth  factors 
requires  substrate  adhesion  (Renshaw  et  al.,  1997).  Therefore, 
experiments  were  designed  to  assess  whether  cellular  adhesive 
state  modulated  TGF-pl -induced  PAI-1  expression.  Quiescent 
T2  cells  were  trypsinized  and  plated  over  agarose  underlays 
in  serum-/TGF-pi-free  DMEM  where  they  remained  in 
suspension  as  single  cells.  After  3  hours,  agarose-cultured  cells 
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Fig.  7.  Optimum  response  of  the  PAI-1  gene  to  TGF-(3l  stimulation  in 
T2  cells  requires  substrate  adhesion.  TGF-pl -induced  PAI-1 
transcripts  requires  adhesion  (to  a  fibronectin  (FN)  substrate)  since 
cells  cultured  in  suspension  (agarose,  Ag)  or  stimulated  with  TGF-pi 
(1  ng/ml)  in  suspension  (Ag+TGF-pi)  did  not  express  PAI-1  mRNA 
(A).  Cells  plated  onto  FN  from  suspension  culture  (Ag^FN)  did 
produce  low  levels  of  PAM  transcripts,  whereas  plating  onto  FN  in  the 
presence  of  TGF-pl  (Ag— >FN+TGF-pl)  yielded  optimal  induction. 
PAI-1  induction  as  a  consequence  of  FN  attachment  alone  was  also 
attenuated  by  addition  of  PD98059  during  the  2  hour  period  of 
adhesion  suggesting  that  MEK  activity  was  also  required  for  adhesion- 
dependent  expression  under  growth  factor-free  conditions  (B). 

were  maintained  in  non-supplemented  medium,  stimulated 
with  TGF-pl  (1  ng/ml)  in  suspension,  transferred  to 
fibronectin-coated  dishes  in  serum -/TG F- P 1 -free  medium,  or 
stimulated  with  TGF-pi  during  adhesion  to  fibronectin  (all 
treatments  were  for  2  hours).  Cells  in  agarose  culture  under 
supplement-free  conditions  or  treated  with  TGF-Pl  in 
suspension  expressed  relatively  low  levels  of  PAI-1  mRNA 
compared  with  the  robust  expression  evident  upon  stimulation 
with  TGF-pi  during  attachment  to  fibronectin  (Fig.  7A). 
Adhesion  to  fibronectin  matrices  alone,  in  the  absence  of  added 
TGF-pi,  was  sufficient  to  initiate  modest  PAI-1  transcription 
(Fig.  7A,B).  This  adhesion-dependent  induction  reflected  a 
similarly  conservative  increase  (i.e.  threefold)  in  phospho- 
ERK1/2  levels  (not  shown)  and,  like  TGF-pl -mediated 
expression  in  normally  anchored  cells  (Fig.  3),  also  required 
MEK  activity  as  it  was  effectively  inhibited  by  PD98059  (Fig. 
7B).  To  further  assess  if  this  adhesion-related  PAI-1  induction 
(in  either  TGF-pl -stimulated  or  unstimulated  cells)  was 
dependent  on  the  nature  of  the  ‘matrix’  encountered,  T2  cells 
were  plated  onto  dishes  coated  with  10  jig/ml  fibronectin, 
vitronectin  or  BSA.  TGF-pi  did  not  induce  PAI-1  under  non¬ 
adherent  conditions  (i.e.,  culture  on  BSA-coated  surfaces). 
Attachment  to  fibronectin  for  4  hours  (in  the  absence  of  TGF- 
pl)  was  an  effective  inducer  of  PAI-1  transcripts  (by  three  to 
fivefold)  relative  to  adhesion  to  vitronectin  (Fig.  8).  Moreover, 
preliminary  kinetic  determinations  indicated  that  PAI-1  mRNA 
levels  increased  as  a  function  of  time  of  attachment  suggesting 
that  subsequent  cell  spreading  may  be  a  factor  in  expression 
control.  This  was  not  unique  to  T2  cells  as  a  similar  response 
was  evident  in  human  dermal  fibroblasts  and  microvessel 
endothelial  cells  (data  not  shown).  However,  no  difference  in 
either  the  attachment  and/or  spreading  of  T2  cells  plated  on 
fibronectin-  compared  with  vitronectin-coated  surfaces  was 
evident  within  the  same  time  (Fig.  9).  More  importantly,  TGF- 
pl  significantly  enhanced  PAI-1  expression  only  in  T2  cells 
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Fig.  8.  Matrix-type  dependency  of  basal  and  TGF-pl -induced  PAI-1 
expression.  Quiescent  (Q)  T2  cells  were  trypsinized  and  replated  on 
plastic  dishes  coated  with  BSA,  fibronectin  (FN)  or  vitronectin  (VN)  in 
the  presence  or  absence  of  TGF-pl  (1  ng/ml)  for  a  2  hour  period.  While 
both  FN  and  VN  induced  PAI-I  mRNA  transcripts,  the  amplitude  of 
induction  was  significantly  greater  on  FN-coated  surfaces;  TGF-pi 
stimulated  expression  only  on  T2  cells  adhering  to  FN. 

during  attachment  to  fibronectin  (Fig.  8).  PAI-1  mRNA  levels 
in  cells  seeded  on  vitronectin  in  the  presence  of  TGF-pl  were 
not  different  from  that  expressed  during  adhesion  to  vitronectin 
alone. 


DISCUSSION 

Several  important  aspects  of  in  vivo  injury  repair  (i.e.  regional 
uPA/PAI-1  expression,  spatial/temporal  distinctions  between 
motile  and  proliferative  phenotypes)  (Reidy  et  a!.,  1995; 
Romer  et  al.,  1991;  Romer  et  al.,  1 994)  are  recapitulated  during 
cell  migration  into  the  denuded  areas  of  a  scrape-injured 
monolayer  (Pepper  et  ah,  1987;  Pepper  et  ah,  1992;  Garlick 
and  Taichman,  1994;  Zahm  et  ah,  1997;  Providence  et  ah, 
2000).  PAI-1  is  rapidly  synthesized  by  cells  immediately 
adjacent  to  experimentally-created  wounds  (Pepper  et  ah, 
1992;  Pawar  et  ah,  1995;  Providence  et  ah,  2000).  PAI-1 
synthesis  and  deposition  into  cellular  migration  tracks  are 
characteristics  of  a  mobile  cohort  (Seebacher  et  ah,  1992; 
Pepper  et  ah,  1992)  and  an  essential  component  of  the 
migratory  program  (Providence  et  ah,  2000;  Kutz  et  ah,  2001). 
The  in  situ  distribution  of  this  protein  is  consistent  with  a 
function  in  cell  locomotion.  De  novo  synthesized  PAI-1  protein 
accumulates  in  the  cellular  undersurface  region,  probably  in  a 
complex  with  matrix  vitronectin  (Seiffert  et  ah,  1994; 
Lawrence  et  ah,  1997)  although  it  appears  that  PAI-1  may  also 
associate  with  fibronectin  and/or  laminin  deposits  in  migration 
tracks  (Seebacher  et  ah,  1992).  Therefore,  this  SERPIN  is  well- 
positioned  to  modulate  integrin-ECM  or  uPA/uPAR-ECM 
interactions  as  well  as  ECM  barrier  proteolysis.  In  vitro  studies 
suggest  that  PAI-1  may  dissociate  bound  vitronectin  from  the 
uPAR,  detaching  cells  that  use  this  receptor  as  a  vitronectin 
anchor  (Deng  et  ah,  1996;  Kjoller  et  ah,  1997;  Loskutoff  et  ah, 
1999).  Alternatively,  PAI-1  may  directly  inhibit  av  integrin- 
mediated  attachment  to  vitronectin  by  blocking  accessibility  to 
the  RGD  sequence  located  proximal  to  the  uPAR  binding  site 
(Stefansson  and  Lawrence,  1996;  Loskutoff  et  ah,  1999), 
although  this  inhibition  is  subject  to  spatial-temporal  constraints 
(Germer  et  ah,  1998).  Furthermore,  uPAR-associated  uPA/PAI- 
1  complexes  are  internalized  by  endocytosis,  which  promotes 
uPA  receptor  recycling  (Andreasen  et  ah,  1997)  and  thereby 
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Fig.  9.  Relative  spreading  of  T2  cells  on  fibronectin  and  vitronectin. 
Suspended  T2  cells  were  seeded  in  serum-free  medium  to  dishes 
previously  coated  with  fibronectin  or  vitronectin  (10  pg/ml).  After  4 
hours,  random  fields  were  photographed  (representative  examples 
shown)  and  the  percent  spread  cells  (i.e.  non-refractive)  calculated. 
Data  plotted  are  the  means±s.d.  for  assessments  on  three  separate 
dishes/substrate.  There  was  no  difference  in  either  T2  cell  attachment 
or  spreading  on  fibronectin  or  vitronectin. 

vitronectin-dependent  cell  movement.  However,  transgenic 
approaches  have  suggested  that  PAI-1  promotes  vitronectin- 
independent  angiogenesis  specifically  by  inhibition  of  plasmin 
proteolysis,  thus  preserving  an  appropriate  matrix  scaffold  or 
providing  required  neovessel  stability  (Bajou  et  al.,  2001). 
Although  in  vivo  compensatory  mechanisms  may  partly 
explain  this  discrepancy  between  animal  and  culture  models, 
motility  controls  clearly  vary  and  depend  on  the  level  of 
expression  of  participating  elements,  the  nature  of  the 
provisional  ‘matrix’  encountered,  the  context  of  the  system 
studied  and  the  growth  factor  environment. 

TGF-pl  exerts  concentration-dependent  effects  on  cellular 
locomotion  in  3D  culture  systems  (Gajdusek  et  al.,  1993)  as 
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well  as  in  the  more  spatially  restricted  planar  model  of 
denudation  injury  (this  study)  (Gajdusek  et  al.,  1993;  Zicha  et 
al.,  1999).  Wound  repair  analysis  of  the  PAI-1 -deficient  4HH 
cell  line,  in  which  PAI-1  synthesis  is  specifically  ablated  by 
antisense  targeting  (Higgins  et  al.,  1997;  Providence  et  al., 
2000),  supports  the  contention  that  PAI-1  is  an  important 
component  in  the  motile  program  in  this  model.  Since  TGF-Pl 
stimulates  PAI-1  synthesis  and  PAI-1  impacts  directly  on  cell 
motility  (this  study)  (Deng  et  al.,  1999;  Providence  et  al., 
2000),  it  was  important  to  assess  TGF-Pl -dependent  controls 
on  PAI-1  expression  as  well  as  on  cellular  migration.  TGF-pi 
initiates  PAI-1  transcription  in  quiescent  T2  cells  via  an 
immediate-early  response,  tyrosine  kinase-dependent  pathway 
that  involves  MEK,  an  upstream  activator  of  ERK1/2. 
However,  unlike  the  typical  rapid  ERK  phosphorylation 
associated  with  serum-stimulation  (i.e.,  within  15  minutes), 
TGF-|3l -mediated  ERK  activation  (as  assessed  by 
phosphorylation  of  the  target  substrate  MBP)  was  delayed  by 
30-60  minutes.  The  MEK  dependency  for  PAI-1  expression 
and  TGF-pi -stimulated  as  well  as  basal  migration  in  T2  cells 
suggests  that  these  events  are  related.  Although  MEK  blockade 
probably  interferes  with  cell  movement  at  several  levels 
(Klemke  et  al.,  1997;  Rikitake  et  al.,  2000),  genetic  targeting 
approaches  confirmed  that  both  basal  and  TGF-pl -stimulated 
cell  migration  (over  a  24-36  hour  period)  requires  PAI-1 
expression  (Providence  et  al.,  2000;  Kutz  et  al.,  2001).  Clearly, 
MEK  inhibition  may  not  affect  basal  locomotion  in  all  cell 
types  (Nguyen  et  al.,  1998)  but  results  may  depend  on  the 
specific  system  studied.  For  example,  in  the  monolayer 
denudation  model  (unlike  random  motility  assays),  ‘basal’ 
migration  is  most  probably  growth  factor-mediated.  Indeed, 
monolayer  wounding  in  various  cell  types,  in  and  of  itself,  is 
a  sufficient  stimulus  to  initiate  autocrine  growth  factor 
expression  (e.g.,  TGF-pl,  basic  FGF,  heparin-binding  EGF) 
(Sato  and  Rifkin,  1988)  and  activate  MAP  kinases 
(Dieckgraefe  et  al.,  1997).  Moreover,  growth  factor  synthesis 
and  ERK  phosphorylation/nuclear  translocation  occurs 
specifically  in  cells  adjacent  to  the  injury  site  (Dieckgraefe  et 
al.,  1997;  Song  et  al.,  2000;  Ellis  et  al.,  2001)  similar  to  the 
distribution  of  locomoting  PAI-1 -expressing  cells  (Providence 
et  al.,  2000). 

Matrix  attachment,  perhaps  as  part  of  the  motile  response, 
also  stimulates  PAI-1  expression.  This  has  particular 
physiologic  relevance.  Although  the  present  data  suggest  that 
not  all  matrices  have  equivalent  inductive  capability,  during  the 
process  of  wound  healing  cells  ‘switch’  their  integrin 
complement  to  accommodate  the  composition  of  the 
provisional  ECM  (Yamada  et  al.,  1996).  In  certain  instances, 
TGF-pl  directly  mediates  changes  in  integrin  availability  and, 
therefore,  cellular  adhesive  traits  (Collo  and  Pepper,  1999; 
Dalton  et  al.,  1999;  Lai  et  al.,  2000).  Engagement  of  particular 
integrins  (i.e.  avp3,  a3pl)  by  immobilized  antibodies  or 
ligands  has  been  implicated  in  PAI- 1  gene  control  (Ghosh  et 
al.,  2000;  Khatib  et  al.,  2001).  The  a3pi  ligands  laminin-5  and 
collagen  I,  when  presented  immobilized  on  beads,  were  also 
effective  inducers  of  uPA  synthesis  (Ghosh  et  al.,  2000). 
Similar  to  data  reported  in  this  study  with  regard  to  adhesive 
controls  on  PAI-1  expression,  pi  integrin  aggregation-induced 
uPA  synthesis  was  also  MEK-dependent  as  PD98059  inhibited 
ERK  activation  and  uPA  expression.  Perhaps  not 
coincidentally,  both  uPA  and  PAI-1  are  induced  by 
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pharmacologic  disorganization  of  the  actin-based 
microfilament  system  as  is  ERK  activation  (Higgins  et  al., 
1992;  Irigoyen  et  al.,  1997).  Since  integrin  ligation/clustering 
and  cell  adhesion  result  in  various  levels  of  cytoskeletal 
reorganization  and  recruitment  of  signaling  intermediates  (Zhu 
and  Assoian,  1995;  Lin  et  al.,  1997;  Miyamoto  et  al.,  1998; 
Renshaw  et  al.,  1997),  the  control  of  specific  protease/protease 
inhibitors  may  be  a  common  event  in  ‘outside-in’  signaling 
initiated  by  adhesive  state  and  integrin  engagement.  Several 
matrices  (i.e.,  fibronectin  vs  vitronectin)  clearly  differ  in 
relative  capacity  to  induce  PAI-1  expression  in  T2  cells  allowed 
to  adhere  under  growth  factor-free  conditions.  Most  novel, 
however,  is  the  observation  that  only  certain  matrix 
attachments  synergize  with  TGF-f}l  to  achieve  maximal  PAI- 
1  expression.  Whether  matrix-type  variations  in  the  amplitude 
and  duration  of  ERK  signaling  underlies  this  differential 
response  in  T2  epithelial  cells  is  currently  under  study. 
Nevertheless,  the  present  findings  indicate  that  adhesive 
influences  also  modulate  TGF-pl  signaling  to  target  genes  (i.e. 
PAI-1). 

This  work  was  supported  by  grants  from  the  NIH  (GM57242, 
GM07033,  CA69612)  and  the  Department  of  the  Army  (DAMD17- 
98-1-8015,  DAMD 17-00- 1-0 124). 
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Antisense  Targeting  of  c -fos  Transcripts 
Inhibits  Serum-  and  TGF-pi -Stimulated 
PAI-1  Gene  Expression  and  Directed 
Motility  in  Renal  Epithelial  Cells 


Stacie  M.  Kutz,  Kirwin  M.  Providence,  and  Paul  J.  Higgins* 

Center  for  Cell  Biology  and  Cancer  Research,  Albany  Medical  College, 

Albany,  New  York 

Plasminogen  activator  inhibitor  type-1  (PAI-1),  the  major  regulator  of  pericellular 
plasmin  generation,  and  the  c-FOS  transcription  factor  are  expressed  by  migrating 
cells  in  response  to  monolayer  wounding.  Induced  c -fos  and  PAI-1  transcripts 
were  evident  within  30  min  and  2  h,  respectively,  of  scrape  injury  to  confluent, 
growth-arrested,  cultures  of  NRK  epithelial  cells.  Since  c-FOS/AP-1  DNA-bind- 
ing  activity  modulates  both  basal  and  inducible  modes  of  PAI-1  gene  control,  and 
AP-1  motif  binding  factors  were  present  in  quiescent  as  well  as  stimulated  NRK 
cells,  a  model  of  directionally  regulated  cell  movement  (migration  into  scrape- 
denuded  “wounds”)  was  used  to  assess  the  consequences  of  c-fos  transcript 
targeting  on  PAI-1  expression  and  cell  motility.  This  in  vitro  model  of  epithelial 
injury  closely  approximated  in  vivo  wound  repair  with  regard  to  the  spatial  and 
temporal  emergence  of  cohorts  of  cells  involved  in  migration,  proliferation,  and 
PAI-1  expression.  Stable  cell  lines  (NRK sof)  were  generated  by  transfection  of 
parental  NRK  cells  with  a  c-fos  antisense  expression  vector.  Serum-inducible  c-fos 
transcripts  and  PAI-1  protein  levels  were  significantly  attenuated  in  NRK sof 
transfectants  relative  to  parental  controls  or  cells  transfected  with  a  neoR  vector 
without  the  sof  insert.  NRK sof  cells  had  a  markedly  impaired  ability  to  repair 
scrape-generated  monolayer  wounds  under  basal,  serum-stimulated,  or  TGF-pl- 
supplemented  culture  conditions.  Since  injury  closure  and  PAI-1  induction  were 
attenuated  in  c-fos  antisense  cells,  it  was  important  to  clarify  the  role  of  specific 
AP-1  sites  in  serum-mediated  PAI-1  transcription.  PAI-1  “promoter” -driven  CAT 
reporter  expression  was  assessed  within  the  real  time  of  serum-stimulated  PAI-1 
induction.  A  segment  of  the  PAI-1  promoter  corresponding  to  nucleotides  —533 
to  —764  upstream  of  the  transcription  start  site  functioned  as  a  prominent 
serum-responsive  region  (SSR).  The  9-fold  increase  in  CAT  mRNA  levels  at¬ 
tained  with  the  -533  to  -764  bp  PAI-1  SRR  ligated  to  a  minimal  PAI-1  promoter 
(i.e.,  162  bp  of  5'  flanking  sequence  containing  the  basal  transcription  complex) 
closely  approximated  the  serum-induced  transcriptional  activity  of  a  fully  respon¬ 
sive  (1,230  bp)  PAI-1  promoter  construct  as  well  as  the  endogenous  PAI-1  gene. 
AP-1 -like,  CTF/NF-l-like,  and  AP-2  sites  were  identified  in  the  SRR.  The  SRR 
AP-1  motif  was  homologous  to  the  sequence  TGACACA  that  mapped  between 
nucleotides  —740  and  -703  in  the  human  PAI-1  gene,  a  region  essential  for 
growth  factor-inducible  PAI-1  transcription.  While  the  functionality  of  this  AP-1 
site  in  wound-regulated  PAI-1  synthesis  remains  to  be  determined,  antisense  c-fos 
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transcripts  effectively  attenuated  PAI-1  induction  and  basal  as  well  as  growth 
factor-stimulated  cell  locomotion,  indicating  that  expression  of  both  the  PAT-1  and 
c -fos  genes  is  necessary  for  wound-initiated  NRK  cell  migration.  Cell  Motil. 
Cytoskeleton  48:163-174,  2001.  ©  2001  Wiley-Liss,  Inc. 
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INTRODUCTION 

Mitogenic  stimulation  of  quiescent  (G0)  cells  ini¬ 
tiates  a  temporally  regulated  program  of  genomic  activity 
with  induced  genes  segregating  among  the  immediate- 
early,  delayed-early,  and  late  response  sets  [Lau  and 
Nathans,  1987;  Almendral  et  al.,  1988;  Lanahan  et  al., 
1992;  Muller  et  al.,  1993;  Vincent  et  al.,  1993;  Burger  et 
al.,  1994].  Immediate-early  response  (IER)  genes  are 
expressed  either  transiently  during  the  G0-^G}  period 
(e.g.,  c -fos)  or  throughout  G2  phase  (e.g.,  c -myc)  [Lau 
and  Nathans,  1987;  Kato  and  Dang,  1992].  IER  genes  are 
also  activated  following  tissue  injury  with  inductive  ki¬ 
netics  generally  similar  to  that  of  serum-stimulated  cells 
[Pawar  et  al.,  1995;  Ryan  et  al.,  1996;  Providence  et  al., 
2000].  One  subset  of  IER  genes  encodes  proteins  that 
structurally  link  the  extracellular  matrix  (ECM)  and  the 
internal  cytoskeleton  (e.g.,  actin,  a-tropomyosin,  fi- 
bronectin,  vinculin,  a-actinin,  (3rintegrin)  [Ryseck  et  al., 
1989;  Muller  et  al.,  1993].  Expression  of  this  comple¬ 
ment  of  IER  genes  likely  reflects  the  specific  cy ^archi¬ 
tectural  and  adhesive  requirements  for  wound-induced 
cell  proliferation  and  motility  [Folkman  and  Moscona, 
1978;  Guadagno  et  al.,  1993;  Lauffenburger  and  Hor- 
witz,  1996;  Greenwood  and  Murphy-Ullrich,  1998].  A 
second  IER  gene  group  encodes  matrix-active  proteases 
and  their  inhibitors  (e.g.,  urokinase  plasminogen  activa¬ 
tor  [uPA]  and  its  type-1  inhibitor  [PAI-1])  [Grimaldi  et 
al.,  1986;  Ryan  et  al.,  1996].  PAI-1  maintains  the  struc¬ 
ture  and  integrity  of  the  ECM  by  suppressing  uPA- 
dependent  plasmin  generation  [e.g.,  Pollanen  et  al., 
1991].  PAI-1  also  influences  cellular  migratory  activity 
by  modulating  interactions  between  vitronectin,  and  ei¬ 
ther  the  uPA  receptor  (uPAR)  or  av  integrins  [Stefansson 
and  Lawrence,  1996;  Kanse  et  al.,  1996;  Waltz  et  al., 
1997;  Kjoller  et  al.,  1997;  Loskutoff  et  al.,  1999].  Me¬ 
diation  of  cell  attachment  and  spreading  by  PAI-1  likely 
requires  uPA  and  appears  partly  dependent  on  fibronectin 
[Planus  et  al.,  1997;  Liu  et  al.,  1999].  The  dynamics  of 
uPA  and  PAI-1  synthesis/localization,  therefore,  may 
dictate  the  formation  or  longevity  of  cell-to-matrix  con¬ 
tact  structures  required  for  growth  or  migration  [Mignatti 
and  Rifkin,  2000].  Focalized  cell  surface  uPA  and  ma¬ 
trix-bound  PAI-1,  moreover,  are  well  positioned  to  reg¬ 
ulate  movement  by  direct  alteration  of  integrin-ECM 
adhesions  [Deng  et  al.,  1996;  Stefansson  and  Lawrence, 


1996;  Blasi,  1996;  Chapman,  1997],  As  cycles  of  leading 
edge  adhesion/trailing  edge  detachment  must  be  main¬ 
tained  for  cells  to  locomote  effectively  [Greenwood  and 
Murphy-Ullrich,  1998],  targeting  of  de  novo-synthesized 
PAI-1  to  the  cellular  undersurface  in  close  proximity  to 
focal  contact  sites  [Kutz  et  al.,  1997]  provides  an  oppor¬ 
tunity  to  influence  both  uPA-dependent  proteolysis  and 
cell  attachment  [Okedon  et  al.,  1 992;  Loskutoff  et  al.,  1999]. 

PAI-1  transcription  occurs  transiently  and  in  IER 
fashion  upon  addition  of  serum  to  quiescent  cells  [Ryan 
et  al.,  1996;  Boehm  et  al.,  1999].  Similar  kinetics  of 
PAI-1  gene  control  accompany  compensatory  regenera¬ 
tion  subsequent  to  tissue  injury  in  vivo  [Schneiderman  et 
al.,  1993;  Thornton  et  al.,  1994]  or  in  vitro  [Pawar  et  al., 
1995;  Providence  et  al.,  2000].  In  such  circumstances, 
induction  is  transcriptional  and  maximal  between  3-8  h 
post-stimulation  with  a  return  to  basal  levels  thereafter 
[Ryan  et  al.,  1996;  Thornton  et  al.,  1994;  Providence  et 
al.,  2000].  Certain  IER  genes  (including  PAI-1)  utilize 
AP-1  sequences,  and  preexisting  AP-1 -binding  proteins 
(e.g.,  c-FOS,  c-JUN),  to  initiate  transcription  during  re¬ 
entry  of  growth-arrested  cells  into  the  proliferative  cycle 
[Almendral  et  al.,  1988;  Arts  et  al.,  1996].  Wounding  is 
a  sufficient  stimulus  to  induce  transcription  of  both  the 
c-fos  and  PAI-1  genes  as  well  as  recruit  quiescent  epi¬ 
thelial  cells  into  DNA  synthetic  phase  [Verrier  et  al., 
1986;  Pawar  et  al.,  1995;  Providence  et  al.,  2000].  While 
PAI-1  is  an  important  component  in  the  motile  apparatus 
of  at  least  some  cell  types  [reviewed  in  Mignatti  and 
Rifkin,  2000;  Providence  et  al.,  2000],  the  contribution  of 
c-fos  to  either  cell  migration  and/or  PAI-1  induction  is 
unknown.  Since  the  available  data  suggest  that  cell  cycle 
phase-specific  constraints  are  superimposed  on  growth 
state-dependent  transcriptional  regulation  of  the  PAI-1 
gene  [e.g.,  Boehm  et  al.,  1999],  we  have  utilized  the 
normal  rat  kidney  (NRK)  epithelial  model  system  [Kutz 
et  al.,  1997]  to  study  molecular  events  associated  with 
PAI-1  gene  expression  within  the  context  of  renal  cell 
growth  activation  and  its  relevance  to  the  process  of 
directed  cell  motility. 


Renal  epithelial  (NRK-52E)  cells  were  grown  in 
Dulbecco’s  modified  Eagle’s  medium  (DMEM)  supple- 
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merited  with  10%  (v/v)  fetal  bovine  serum  (FBS).  Three 
day  post-confluent  cultures  (maintained  as  described  in 
the  text)  were  stimulated  by  addition  of  fresh  FBS  (20% 
final  concentration)-containing  DMEM  or  by  scrape- 
wounding  with  a  pipette  tip.  The  time  course  of  injury 
closure  was  quantified  by  micrometer  measurements  of 
20  randomly  selected  wound  fields.  To  identify  DNA- 
synthesizing  cells,  5-bromo-2'-deoxyuridine  (BrdU;  200 
|amol/l  final  concentration)  was  added  at  the  time  of 
wounding.  The  number  and  location  of  cells  that  incor¬ 
porated  the  analogue  (S-phase  cells)  were  quantified  by 
immunofluorescence  microscopy  using  antibodies  to 
BrdU.  Cellular  uPAR  levels  were  assessed  by  Western 
blotting.  Transforming  growth  factor- (31  (TGF-pl;  1  ng/ 
ml)  served  as  a  positive  control  for  c -fos  and  PAI-1 
induction  in  NRK  cells  [Boehm  et  al.,  1999]. 

Metabolic  Labeling  And  Gel  Electrophoresis 

Hanks’  balanced  salt  solution  (HBSS)-washed  cells 
were  labeled  with  35S-methionine  (specific  activity  = 
1,100  Ci/mmol;  50  [xCi/ml)  at  37°C  for  6  h.  The  condi¬ 
tioned  labeling  medium  (containing  secreted  proteins 
[SP])  was  clarified  by  centrifugation  at  13,000g  for  5 
min.  Monolayers  were  washed  twice  with  Ca2+/Mg2+- 
free  phosphate-buffered  saline  (CMF-PBS)  and  extracted 
with  saponin  (0.2%  [w/v]  in  CMF-PBS)  while  rotating 
gently  on  an  orbit  shaker  at  room  temperature;  cells  were 
subsequently  dislodged  with  a  stream  of  CMF-PBS.  The 
substrate-attached  saponin-resistant  (SAP  fraction)  ma¬ 
terial  was  solubilized  in  sample  buffer  (50  mM  Tris-HCl, 
pH  6.8,  10%  [v/v]  glycerol,  1%  [w/v]  sodium  dodecyl 
sulfate  [SDS],  1%  [v/v]  2-mercaptoethanol).  SP  and  SAP 
fractions  were  further  diluted  in  sample  buffer,  boiled  for 
3  min  and  aliquots  equivalent  to  25,000  cpm  trichloro¬ 
acetic  acid-insoluble  protein  separated  on  SDS- 10% 
acrylamide  slab  gels.  Radiolabeled  proteins  were  visual¬ 
ized  by  fluorography  of  En3Hance-  permeabilized  gels. 
PAI-1  immune-precipitated  from  the  metabolically-la- 
beled  SP  protein  complement  of  20%  dialyzed  FBS- 
stimulated  NRK  cells  [Higgins  et  al.,  1990]  provided  a 
PAI-1  position  “marker”  for  electrophoretic  separations. 

Northern  Blot  Analysis 

Cellular  RNA  was  electrophoretically  separated, 
transferred  to  Nytran  membranes  using  10X  SSPE  (1.8 
M  NaCl,  100  mM  Na2HP04-H20,  pH  7.4,  10  mM 
ethylenediaminetetraacetic  acid  [EDTA])  and  UV 
crosslinked.  Blots  were  prehybridized  at  42°C  for  2  h  in 
50%  formamide,  5X  Denhardt’s  reagent,  1%  SDS,  100 
|xg/ml  salmon  sperm  DNA,  5X  SSPE  buffer  then  hybrid¬ 
ized  at  42°C  for  16  h  with  5  X 106  cpm  32P-dCTP-labeled 
cDNA  probes  to  PAI-1,  actin,  c-fos ,  GAPD  or  A-50  in 
50%  formamide,  2.5 X  Denhardt’s  reagent,  1%  SDS,  100 
fxg/ml  salmon  sperm  DNA,  5X  SSPE,  and  10%  dextran 
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Fig.  1.  Relative  abundance  of  c -fos  transcripts  induced  in  serum-  and 
wound-stimulated  NRK  cells.  RNA  was  isolated  from  confluency- 
arrested  quiescent  NRK  cells  ( — )  as  well  as  from  serum-stimulated 
(S)  or  multiple  scrape-wounded  (W)  cultures.  Total  exposure  to  serum 
or  time  post-injury  was  30  min  prior  to  RNA  harvest.  Northern  blots 
were  hybridized  with  32P-labeled  probes  to  c-fos  and  A-50. 


sulfate.  Membranes  were  washed  3  times  (15  min  each) 
at  42°C  in  0.1%  SSPE/0.1%  SDS  followed  by  3  washes 
at  55°C  and  exposed  to  X-OMAT  AR-5  film.  Linearized 
pTRI -c-fos  (containing  mouse  c-fos  exon  2)  was  used  to 
generate  T7  RNA  polymerase-directed  32P-labeled  anti- 
sense  riboprobes.  Prehybridization/hybridization  for  ri- 
boprobes  were  done  at  60°C  using  buffers  described 
above;  blots  were  washed  3  times  in  1 X  SSPE/0.5%  SDS 
for  15  min  each  at  65°C  followed  by  one  15-min  wash  in 
IX  SSPE/0.1%  SDS  at  60°C  prior  to  autoradiography. 

Disruption  of  c-FOS  Expression 

To  create  the  FOS  antisense  expression  vector  SV- 
neo-sof  (gift  of  Dr.  Eileen  Adamson),  the  Bglll/Hindlll 
region  of  the  SV40  T  antigen  gene  in  pKSVIO  was 
replaced  with  a  1.7  kb  Bglll/Hindlll  fragment  of  the 
murine  c -fos  genomic  sequence  (containing  the  first  exon 
and  part  of  the  second  exon)  cloned  in  antisense  orien¬ 
tation  downstream  of  an  SV40  early  promoter.  Neo  cod¬ 
ing  sequences  (1.1 -kb)  from  ipNeo  was  inserted  into  the 
Bglll  site.  The  3.8-kb  transcript  expressed  from  this 
construct  includes  neo  coding  and  c-fos  antisense  se¬ 
quences  [Edwards  et  al.,  1988].  pS Vneo-sof  or  control 
neo  plasmids  were  transfected  into  NRK  cells  and  pop¬ 
ulations  expanded  in  G418  (300  |ag/ml). 

Nuclear  Extracts 

Cells  were  suspended  in  400  |xl  of  cold  10  mM 
HEPES,  pH  7.9,  buffer  containing  10  mM  KCL,  0.1  mM 
EDTA,  0.1  mM  EGTA,  1  mM  DTT,  swelled  on  ice  for 
15  minutes,  25  jjlI  of  10%  NP-40  added  and  vortexed  for 
10  sec.  Nuclei  were  collected  by  centrifugation,  resus¬ 
pended  in  50  fxl  of  cold  lysis  buffer  (20  mM  HEPES,  pH 
7.9, 0.4  M  NaCl,  1  mM  EDTA,  ImM  EGTA,  ImM  DTT) 
containing  leupeptin,  aprotinin,  chymostatin,  pepstatin 
A,  and  antipain  (each  at  a  final  concentration  of  10 
p,g/ml)  and  rocked  at  4°C  for  15  min.  Nuclear  extracts 
were  clarified  by  centrifugation. 
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Reporter  Plasmids  the  constructs  rPAl-CAT(-1230),  rPAI-CAT(-764),  and 

Various  contiguous  regions  (from  nucleotides  rPAI-CAT(-266),  respectively  [Johnson  et  al.,  1992], 
-1230,  -764,  and  -266  to  +23)  of  PAI-1  5'genomic  rPAI-CAT(-528)  and  rPAI-CAT(-162)  were  derived  by 
flanking  sequence  were  cloned  into  the  chloramphenicol  digesting  rPAI-CAT(-1230)  with  Afll  and  Sail  or  Bbr  PI 
acetyltransferase  expression  plasmid  pCAT(An)  creating  and  Sail,  respectively.  rPAI-CAT(-764)  was  restricted 
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Fig.  2.  Region-specific  entry  of  wounded  NRK  cell  monolayer  into  DNA  synthetic  phase.  Cells  were 
grown  to  confluency  in  DMEM/10%  FBS,  then  maintained  in  this  medium  to  initiate  a  condition  of 
growth-arrest.  In  control  intact  monolayers,  there  are  relatively  few  S  phase  cells  (2.9%  of  the  total 
population  as  determined  by  BrdU  Incorporation)  (A).  Entry  of  cells  into  S  phase  after  wounding  is 
a  function  of  both  time  and  spatial  relationship  to  the  injury  site.  By  12  h  post-trauma,  leading  edge 
cells  have  a  labeling  index  approximately  the  same  (3.9%)  as  an  unwounded  monolayer  (Bl) 
increasing  to  22.4%  at  24  h.  Increases  in  the  fraction  of  S  phase  cells  in  a  region  1-2  mm  from  the 
wound  were  moderate  (6.0%)  at  12  h  (B2)  and  highly  significant  (39.3%)  by  24  hr.  At  all  times, 
however,  labeling  indices  in  the  monolayer  distal  (40  mm)  from  the  site  of  injury  (B3)  were  similar 
to  that  of  growth-arrested  control  cultures  (2.2  and  2.9%  at  12  and  24  h  post-scraping).  Upon  wound 
closure,  the  leading  edge  cells  at  the  closure  junction  (CJ)  enter  S  phase  in  a  synchronous  manner  (90% 
BrdU-positive  junction  region  cells)  approximately  42  h  after  initial  injury  (C).  At  this  time,  and  with 
increasing  distance  from  the  closure  site  (1,  2,  3,  or  4  field  diameters;  FD),  there  is  a  marked  decrease 
in  the  fraction  of  S  phase  cells  (70.1  and  8.8%  at  1-2  and  40  mm,  respectively,  from  the  original  wound 
edge).  Graphic  representation  of  the  time-  and  location-dependent  increase  in  DNA  synthesis  in 
wounded  monolayers  (D).  Percent  S  phase  (BrdU-immunoreactive)  cells  was  assessed  by  visual 
examination  of  10  random  fields  representative  of  the  proximal  (1-2  mm  from  the  injury  site)  and 
distal  (40  mm  from  the  scrape  border)  regions  of  wounded  cultures.  Data  in  D  =  the  mean  value  of 
3  independent  experiments. 
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with  BfrI  and  BbrPI  to  delete  nucleotides  - 162  to  -533 
generating  p764-CAT(del  162-533).  Purified  plasmid 
fragments  were  digested  in  0.03  M  sodium  acetate,  pH 
4.6,  0.05  M  NaCl,  1  mM  ZnCl2,  5%  glycerol,  32  U  mung 
bean  nuclease  buffer  for  1  h  at  37°C.  DNA  was  extracted 
with  phenol: chloroform,  precipitated  with  ethanol, 
washed  once  with  70%  ethanol,  and  resuspended  in  TE 
buffer  (10  mM  Tris-HCl,  pH  7.8,  1  mM  EDTA).  Di¬ 
gested  plasmids  were  ligated  in  buffer  containing  50  mM 
Tris-HCl,  pH  7.5,  7  mM  MgCl2,  1  mM  DTT,  0.25  mM 
rATP  and  6  U  T4  DNA  ligase  at  room  temperature 
overnight  and  transformed  into  Escherichia  coli  HB101. 

Transfection  and  Assessment  of  CAT  mRNA 
Abundance 

Cells  (in  100-mm  dishes)  were  washed  in  antibi¬ 
otic-  and  serum-free  DMEM;  lipofectAMINE  (28  jjlI/ 
dish)-DNA  (4  pug/dish)  complexes  were  added  and  cul¬ 
tures  incubated  at  37°C  for  5  h  prior  to  addition  of 
DMEM/10%  FBS.  The  following  day,  the  cells  were 
washed  with  CMF-HBSS,  trypsinized  and  divided  into  2 
dishes  containing  DMEM/10%  FBS;  24  h  later,  the  me¬ 
dium  was  removed,  cells  washed  twice  with  CMF- 
HBSS,  and  serum- free  DMEM  added  to  initiate  a  state  of 
quiescence  over  the  subsequent  3  days.  Cells  were  either 
maintained  under  quiescent  conditions  or  stimulated  by 
addition  of  serum  (20%  final  concentration),  then 
trypsinized  4  h  later,  distributed  into  2  microfuge  tubes, 
collected  at  10,000g,  and  washed  with  CMF-HBSS.  One 
tube  was  used  for  extraction  of  RNA  (for  assessment  of 
CAT  mRNA  abundance  by  hybridization  with  a  CAT- 
specific  cDNA  probe  [Providence  et  al.,  1999])  while  the 
other  was  HIRT-extracted  (for  calculation  of  transfection 
efficiency).  Southern  analysis  of  HIRT-extracted  plasmid 
DNA  was  used  to  normalize  CAT  mRNA  expression 
values  [Providence  et  al.,  1999]. 


Time  (hr)/Region 

Fig.  3.  Changes  in  PAI-1  mRNA  abundance  in  NRK  cell  cultures  as 
a  function  of  time  after  wounding  and  distance  from  the  injury  site. 
Induction  of  PAI-1  expression  in  edge  isolate  (E)  cells  is  evident 
within  2  h  post-scrape  injury,  increases  to  a  maximum  at  approxi¬ 
mately  5  h  and  declines  rapidly  thereafter.  In  contrast,  the  level  of 
PAI-1  transcripts  in  the  distal  unwounded  monolayer  (M)  region 
remains  relatively  unchanged  over  the  same  time  course.  Data  repre¬ 
sents  the  average  PAI-l/A-50  values  for  densitometric  analysis  of 
Northern  blots  of  two  independent  experiments. 


Mobility  Shift  Assay 

The  PAI-1  5'  flanking  genomic  sequence  from 
—533  to  —764  bp  was  body-labeled  by  PCR.  A  mixture 
containing  50  mM  KC1,  10  mM  Tris-HCl,  pH  9.0,  0.1% 
Triton  X-100,  0.9  mM  MgCl2,  0.05  mM  dGTP,  dTTP 
and  dATP,  100  ng  rPAI-CAT(-1230),  10  pmol  of  each 
primer  (5 ' -dAGCTTTCTGTGGTAACCC-3 '  [nt  -764 
to  -747]  and  5 ' -dGAAGTTCTCTATTGGGCTT-3 '  [nt 
-549  to  -533]),  50  pGi  32P-dCTP  (3,000  Ci/mmol)  and 
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Taq  polymerase  (5  U)  was  prepared  in  a  final  volume  of 
50  pi  Unlabeled  PCR  products  were  derived  as  above 
using  0.05  mM  dATP,  dCTP,  dGTP,  dTTP,  and  50  pmol 
of  each  primer  in  the  reaction  mixture.  A  double-stranded 
deoxyoligonucleotide  (3-5  pM)  representing  the  AP-1 
consensus  sequence  (5 '  -dTTCCGGCTG ACT C ATC A- 
AGCG-3')  was  incubated  at  37°C  for  10  min  with  T4 
polynucleotide  kinase  (5-10  U/pJ)  in  70  mM  Tris-HCl 
buffer,  pH  7.6,  containing  10  mM  MgCl2,  5  mM  DTT 
and  32P-dATP  (3,000  Ci/mmol).  Probe  was  purified  by 
filtration  through  10,000  mw  cellulose  spin  columns. 
Nuclear  proteins  (10-20  pg)  were  diluted  in  binding 
buffer  (4%  glycerol,  1  mM  MgCl2,  0.5  mM  EDTA,  0.5 
mM  DTT,  50  mM  NaCl,  10  mM  fris-HCl)  containing  2 
pg  poly  dl  •  dC  in  a  final  volume  of  20  pi  Protein/DNA 
complexes  were  allowed  to  form  by  the  addition  of 
30,000-60,000  cpm  labeled  probe  followed  by  incuba¬ 
tion  at  room  temperature  for  20  min  (competition  exper¬ 
iments  included  100-fold  excess  unlabeled  construct). 
Following  room  temperature  incubation  for  20  min,  gel 
loading  buffer  (25  mM  Tris-HCl,  pH  7.5,  0.02%  bromo- 
phenol  blue,  0.02%  xylene  cyanol,  4%  glycerol)  was 
added.  Complexes  were  separated  on  Tris/glycine  gels 
(Tris/glycine  buffer  [50  mM  Tris  HC1,  2  mM  EDTA, 
100  mM  glycine]  containing  4%  polyacrylamide,  0.05% 
bis-acrylamide,  2.5%  glycerol,  0.075%  ammonium  per¬ 
sulfate,  0.085%  TEMED)  for  2  h  at  100  V.  Gels  were 
exposed  to  X-OMAT  AR-5  film  for  24-72  h. 

RESULTS 

Confluent,  growth-arrested,  NRK  cells  expressed 
c -fos  mRNA  within  30  min  after  scrape  injury  (Fig.  1). 
Quantitative  assessments  of  Northern  blots  normalized  to 
A-50  mRNA  signal  suggested  that  the  amplitude  of 
wound-induced  c -fos  transcripts  was  <25%  that  of  se¬ 
rum-activated  cultures.  Since  c -fos  expression  even  in 
multiple  scrape-injured  monolayers  is  restricted  to  cells 
immediately  adjacent  to  the  wound  site  [Verrier  et  al., 
1986],  unlike  the  global  stimulation  following  fresh  se¬ 
rum  addition,  analysis  of  entire  culture  populations  likely 
underestimates  c -fos  mRNA  levels  in  cells  specifically 
involved  in  the  repair  process  (i.e.,  the  locomoting  cohort 
that  comprise  the  migrating  front).  The  relatively  rapid 
induction  of  c -fos  expression,  moreover,  was  one  aspect 
in  a  regionally  activated  program  of  wound  resolution 
involving  both  temporally-dependent  and  site-specific 
changes  in  DNA  synthesis,  uPAR  expression,  and  PAI-1 
mRNA  abundance.  Wounding  alone  was  a  sufficient 
stimulus  for  eventual  re-entry  of  quiescent  NRK  cells 
into  the  cell  cycle  (Fig.  2)  suggesting  that,  like  exposure 
to  mitogenic  growth  factors  [e.g.,  Almendral  et  al., 
1988],  injury-associated  c -fos  induction  is  part  of  the 
proliferative  response.  Migration  into  the  denuded  zone, 


however,  did  not  involve  recruitment  of  cells  at  the 
leading  edge  into  S  phase,  at  least  in  the  initial  phase  of 
trauma  repair  (Fig.  2A,B).  A  marked  increase  in  S  phase 
cells  (from  6%  at  12  h  post-scraping  to  40%  at  24  h)  was 
confined  to  a  region  1  to  2  mm  parallel  to  the  long  axis 
of  the  wound  whereas  the  labeling  index  in  the  distal 
monolayer  did  not  exceed  3%  (Fig.  2D).  Approximately 
8  to  12  h  after  injury  closure,  but  not  before,  cells  within 
the  newly  healed  wound  bed  entered  S  phase  in  approx¬ 
imate  synchronous  fashion  (Fig.  2B,C).  These  results  are 
consistent  with  previous  findings  that  transient  mitotic 
activity  restricted  to  a  zone  behind  the  migrating  front  is 
necessary  to  sustain  the  reepithelization  process  [Be- 
reiter-Hahn,1984].  The  physiologic  relevance  of  this 
simple  in  vitro  model  is  further  supported  by  the  regional 
compartmentalization  of  both  uPAR  and  PAI-1  expres¬ 
sion  as  a  function  of  time  post-trauma.  Harvesting  of 
cells  bordering  the  injury  site,  as  well  as  within  the  distal 
uninvolved  monolayer  region,  indicated  that  increases  in 
PAI-1  expression  (Fig.  3)  and  uPAR  levels  (Fig.  4),  like 
that  of  c-fos  [Verrier  et  al.,  1986],  was  restricted  to  cells 
proximal  to  the  wound  and  involved  in  the  repair  process. 
PAI-1  transcripts  were  induced  early  after  monolayer 
scraping,  increased  over  2  to  5  h  post-injury,  and  de¬ 
clined  thereafter  (Fig.  3).  It  appears,  therefore,  that  dis¬ 
tinct  functional  cohorts  of  renal  epithelial  cells  are  in¬ 
duced  in  response  to  monolayer  trauma  as  a  consequence 
of  time  post-injury  and  relative  distance  from  the  wound 
site. 

Addition  of  fresh  serum-containing  medium  or 
TGF-(31  to  contact-inhibited  quiescent  NRK  cells  in¬ 
duced  both  c -fos  and  PAI-1  transcripts  (Fig.  5)  within  30 
min  and  2  h,  respectively,  of  exposure  and  stimulated  the 
rate  of  wound  repair  (Table  I)  without  influencing  the 
incidence  of  S  phase  cells  in  the  migratory  front.  There 
was,  in  fact,  a  marked  similarity  between  the  kinetics  of 
PAI-1  expression  in  wounded  (Fig.  3)  and  serum-stimu¬ 
lated  (Fig.  5)  cultures;  in  both  cases,  PAI-1  induction  was 
preceded  by  rapid  and  transient  increases  in  c -fos  mRNA 
(Figs.  1  and  5).  Serum  growth  factors  induce  not  only 
c-fos  expression  but  recruit  c-FOS  into  AP-1  DNA-bind- 
ing  complexes  with  modulation  of  AP-1 -dependent  tran¬ 
scription  [Felts  et  al.,  1997;  Jin  and  Howe,  1999].  PAI-1 
gene  activation  in  response  to  serum  stimulation,  more¬ 
over,  has  immediate-early  metabolic  characteristics 
[Ryan  et  al.,  1996]  further  suggesting  that  such  motifs  are 
not  only  important  but  likely  utilize  pre-existing  tran¬ 
scriptional  control  elements.  Indeed,  AP-1  sites,  and  c- 
FOS  and  c-JUN  in  particular,  function  in  both  the  basal 
and  inducible  phases  of  PAI-1  gene  control  [Keeton  et 
al.,  1991;  Descheemaeker  et  al.,  1992;  Arts  et  al.,  1996]. 
Nuclear  proteins  from  quiescent  as  well  as  serum-stim¬ 
ulated  NRK  cells,  in  fact,  bound  AP-1  consensus  se¬ 
quence  deoxyoligonucleotide  probes  (Fig.  6)  and  c-FOS 
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Fig.  4.  Western  blot  analysis  of  relative  uPAR  expression  by  NRK 
cells  as  a  function  of  time  after  monolayer  scrape  wounding  and 
distance  from  the  injury  site.  Extracts  containing  40  (jug  total  celular 
protein  derived  from  quiescent  (Go)  cultures  as  well  as  from  cells  at 
the  wound  edge  (E)  and  in  the  distal  monolayer  (M)  at  various  times 
(2,  6,  12,  and  24  h)  post-injury,  were  separated  by  electrophoresis, 
blotted  to  nitrocellulose,  and  probed  with  rabbit  antibodies  to  rat 
uPAR.  Data  plotted  is  the  average  of  two  separate  densitometric 
assessments  of  cellular  uPAR  level  changes  as  a  function  of  locale  (E 
vs.  M)  and  time  (in  hours)  post-wounding. 


antibodies  supershifted  this  complex.  A  molecular  ge¬ 
netic  approach  was  used,  therefore,  to  down-modulate 
basal  c-FOS  levels  in  confluency-arrested  quiescent 
NRK  cell  cultures  to  assess  the  consequences  of  such 
perturbation  on  induced  PAI-1  synthesis  and  wound- 
dependent  migration.  pS Vneo-sof  transfections  resulted 
in  generation  of  2  stable  cell  lines  (NRKsq/6,  NRK- 
sofll).  Although  it  was  not  possible  to  accurately  mea¬ 
sure  constitutive  c -fos  mRNA  levels  in  quiescent  sofS  or 
sofi  1  cells  due  to  the  relatively  low  expression  of  c -fos  in 
cells  maintained  under  conditions  of  growth  arrest,  se¬ 
rum-inducible  c -fos  transcripts  were  significantly  atten¬ 
uated  in  both  lines  correlating  with  a  marked  reduction  in 
PAI-1  protein  synthesis  (Fig.  7).  This  was  particularly 
evident  in  sofS  cells.  Although  low  levels  of  PAI-1  were 
detectable  in  the  secreted  protein  complement  of  sofS  and 
sofi  l  cells,  PAI-1  was  completely  absent  in  the  SAP 
fraction  of  both  lines  suggesting  that,  like  the  4HH  line 
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Fig.  5.  Kinetics  of  PAI-1  and  c -fos  mRNA  expression  in  serum- 
stimulated  NRK  cells.  RNA  was  isolated  at  the  times  indicated  after 
serum-stimulation  of  quiescent  NRK  cell  cultures  (0  =  G0  cells)  and 
Northern  blots  hybridized  with  32P-labeled  probes  to  PAI-1,  c -fos, 
GAPD,  and  A-50  (A).  Under  the  conditions  employed,  addition  of 
FBS  (to  a  final  concentration  of  20%)  to  growth-arrested  NRK  cells 
(maintained  for  3  days  in  serum-deficient  DMEM)  results  in  synchro¬ 
nous  entry  into  S -phase  at  10  to  12  h  post-stimulation  [Kutz  et  al., 
1997].  PAI-1  mRNA  levels  are  maximally  increased  in  early-  to 
mid-Gl  and  decline  abruptly  prior  to  DNA  synthesis;  induced  c -fos 
transcripts  appear  restricted  to  the  period  of  Go^Gl  transit.  GAPD 
transcripts  increased  in  mid-Gl  and  remained  elevated  thereafter.  A-50 
expression,  in  contrast,  was  unchanged  as  a  consequence  of  cell 
growth  activation,  c -fos  and  PAI-1  transcripts  are  also  induced  in 
quiescent  (Go)  NRK  cells  in  response  to  TGF-p  1  (1  ng/ml)  in  a  time 
frame  similar  to  that  of  serum-mediated  expression  (B).  RNA  was 
isolated  from  NRK  cells  for  assessment  of  c -fos  mRNA  levels  30  min 
after  exposure  to  serum  or  TGF-p  1;  PAI-1  transcripts  abundance  was 
determined  after  2  h  of  treatment  with  FBS  or  TGF-p  1.  c -fos  and 
PAI-1  Northern  blots  were  normalized  by  re-probing  with  cDNAs 
encoding  GAPD  and  A-50,  respectively. 


[Providence  et  al.,  2000],  these  cells  are  functionally 
deficient.  PAI-1  transcript  abundance  in  NRKxo/6  popu¬ 
lations  was  <20%  of  control  neo  vector  transfectants  or 
parental  cells;  SDS/PAGE  analysis  of  secreted  and  SAP 
fraction  proteins  indicated  a  specificity  for  pS Vneo-sof- 
directed  PAI-1  down-regulation  (Fig.  7).  Decreased 
PAI-1  induction,  moreover,  strongly  corelated  with  inhi¬ 
bition  of  both  basal  and  growth  factor  (i.e.,  FBS,  TGF- 
pi)-stimulated  injury  repair  (Table  I). 

Since  monolayer  wound  closure  and  PAI-1  induc¬ 
tion,  even  in  response  to  a  potent  stimulus  as  serum,  was 
attenuated  in  sofS  cells,  it  was  important  to  identify 
potential  AP-1  sites  that  might  function  in  serum-  stimu- 
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TABLE  I.  Inhibition  of  Serum-  and  TGF-pl-Stimulated 
Monolayer  Wound  Repair  by  soft  Transfectants* 


Cell  line 

Culture  conditions 

%  Injury  closure 

NRK  parental 

FBS -free 

42  ±  3 

FBS 

80  +  4 

TGF-pl 

69  ±  2 

Neo 

FBS -free 

45  ±4 

FBS 

82  ±  3 

TGF-pl 

71  ±  5 

sof6 

FBS-frce 

9  ±  2 

FBS 

15  +  2 

TGF-pl 

12  ±4 

^Parental  NRK,  S Vneo-sof,  or  control  neo  transfectant  cell  cultures 
were  maintained  in  serum-free  DMEM  for  3  days.  Prior  to  injury  with 
the  apex  of  a  plastic  scraper  to  create  a  1 .4-mm  gap,  the  medium  was 
changed  to  fresh  DMEM  without  serum  (to  assess  basal  migration)  or 
to  DMEM  supplemented  with  10%  FBS  or  l  ng/ml  TGF-pl  (to  assess 
stimulated  migration).  Extent  of  wound  repair  was  quantified  1 8  h  later 
using  a  calibrated  ocular  grid.  %  injury  closure  represents  the  mean  ± 
standard  deviation  of  20  measurements  for  each  of  3  cultures. 


lated  PAI-1  gene  expression.  PAI-1  promoter-CAT  re¬ 
porter  assays  were  designed,  therefore,  within  the  real¬ 
time  of  inducible  expression  (i.e.,  4  h  after  addition  of 
fresh  serum)  to  identify  responsive  sequences.  Progres¬ 
sive  5'  truncations  from  nt  —1,230  to  -266  resulted  in 
loss  of  serum-activated  c/.v-acting  elements  at  each  stage 
while  repressive  sequences  appear  to  reside  between  nt 
-266  and  -162.  In  the  absence  of  this  repressive  influ¬ 
ence,  a  region  from  -533  to  -764  bp  functioned  as  a 
significant  (9-fold)  enhancer  relative  to  the  correspond¬ 
ing  quiescent  control  cells  (Table  II).There  was  no  dif¬ 
ference  in  the  levels  of  CAT  mRNA  in  the  quiescent 
cultures  among  each  of  the  constructs  when  compared 
independently.  Sequence  analysis  of  this  —533  to  —764 
bp  serum-responsive  region  (SRR)  revealed  several  near¬ 
consensus  motifs  previously  implicated  as  protein  bind¬ 
ing  sites  in  other  cell  systems  including  an  AP-1  site  at  nt 
-654  to  -660.  The  AP-1 -like  element  located  within  the 
SRR  of  rat  PAI-1  gene  (TGACACA)  shares  86%  homol¬ 
ogy  with  the  consensus  AP-1  (TGACTCA)  heptanucle- 
otide  and  is  identical  in  sequence  and  approximate  posi¬ 
tion  to  an  AP-1  site  in  the  highly  homologous  -800  to 
—  595  bp  region  of  the  human  PAI-1  gene.  Deletion  of  a 
block  of  37  nucleotides  containing  this  AP-1  motif  in  the 
human  gene  is  sufficient  to  ablate  growth  factor-induced 
expression  [Keeton  et  al.,  1991]. 

DISCUSSION 

Proliferation  confined  to  a  relatively  narrow  region 
proximal  to  the  injury  site  is  required  to  maintain  the 
integrity  of  the  migrating  front  in  wounded  renal  epithe¬ 
lial  monolayers  since  inhibition  of  DNA  synthesis  (as 
with  hydroxyurea)  affects  the  cohesiveness  of  the  motile 


i  .  . 


Fig.  6.  Mobility  shift  analysis.  A  double-stranded  dcoxyoligonuclc- 
otide  construct  containing  a  consensus  AP-1  sequence  (5'-dTTCCG- 
GCTGACTCATC A AGCG-3 ' )  was  end-labeled,  incubated  with  20 
fj.g  nuclear  extract  (from  quiescent,  2-  or  4-h  serum-stimulated  NRK 
cells)  in  the  presence  or  absence  of  100-fold  excess  unlabclcd  AP-1 
deoxyoligonucleotide  (self)  and  complexes  (indicated  by  arrowheads) 
resolved  on  Tris-glycine  gels. 


epithelium  (although  migratory  ability  remains  unaf¬ 
fected)  [Providence  et  ah,  2000].  Expression  of  PAI-1 
and,  to  a  lesser  extent,  uPAR,  is  also  restricted  to  cells 
immediately  bordering  the  wound  bed  and  involved  in 
the  repair  process.  A  similar  functional  compartmental- 
ization  occurs  as  part  of  the  healing  response  in  vivo, 
suggesting  that  several  important  aspects  of  injury  reso¬ 
lution  (i.e.,  regional  uPAR/PAI-1  expression,  spatial/ 
temporal  distinctions  between  the  motile  and  prolifera¬ 
tive  phenotypes)  that  are  evident  in  vivo  [e.g.,  Pepper  et 
al.,  1993;  Reidy  et  al.,  1995;  Romer  et  al.,  1991,  1994; 
Zahm  et  al.,  1997]  are  recapitulated  during  migration  of 
NRK  epithelial  cells  into  the  scrape-denuded  areas  of  an 
injured  monolayer.  The  mechanism  underlying  the  effec¬ 
tive  proliferative  inhibition  in  cells  constituting  the  mi¬ 
grating  front  is  not  known  but  autocrine  production  of 
TGF-(3,  a  stimulator  of  NRK  locomotion  and  growth 
inhibitor  (Kutz  et  al.,  unpublished  data),  by  cells  at  the 
wound  edge  [Song  et  al.,  2000]  is  a  likely  possibility. 
Motile  cells  also  express  high  levels  of  uPAR  and  both 
intact  pro-uPA  and  fragments  of  uPA  that  are  capable  of 
receptor-binding  markedly  reduced  in  vitro  HL-60  cell 
proliferation  [Howell  et  al.,  1994]. 

PAI-1  expression  is  an  early  response  to  trauma 
and  necessary  for  effective  repair  of  monolayer  wounds 
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Fig.  7.  Attenuation  of  serum-induced  c -fos  and  PAI-1  expression  in 
NRK  sofS  and  NRK  sofl  1  cells.  Growth-arrested  NRK  parental,  sofS 
and  sofl  l  cells  were  maintained  in  serum-deficient  medium  ( — )  or 
stimulated  for  30  min  with  serum  (20%,  final  concentration;  +).  RNA 
was  extracted  and  Northern  blots  hybridized  with  32P-labeled  probes  to 
c -fos  and  A-50  (A).  Serum-induced  c -fos  mRNA  abundance  in  sofS 
and  sofl  1  transfectants  was  <5  and  20%  that  of  parental  (NRK) 
controls,  respectively.  Electrophoretic  analysis  of  35S-methionine-la- 
beled  secreted  (SP)  and  SAP  fraction  proteins  indicated  that  the  sofS 
and  sofl  1  cell  lines  were  also  deficient  in  PAI-1  synthesis  as  evidenced 
by  the  decreased  SP  fraction  PAI-1  levels  and  the  complete  absence  of 
SAP  fraction  PAI-1  protein  (B).  PAI-1  immunoprecipitated  (IP)  from 
the  SP  fraction  of  serum-stimulated  parental  NRK  cells  (C)  served  to 
identify  the  banding  position  of  this  protein  in  electrophoretic  separa¬ 
tions  of  metabolically-labeled  SP  and  SAP  fraction  proteins. 


[Providence  et  al.,  2000].  PAI-1  is  also  critical  for  inva¬ 
sive  growth  in  vivo  [Liu  et  al.,  1995;  Bajou  et  al.,  1998]. 
The  ability  of  this  SERPIN  to  stimulate  or  inhibit  cell 
motility  is  likely  dependent,  therefore,  on  the  level  and 
focalization  of  uPA  activity,  the  composition  of  the 
ECM,  the  integrin  complement  of  the  cell,  and  the  time 
course  as  well  as  amplitude  of  PAI-1  expression  [Kjoller 
et  al.,  1997].  While  enhanced  uPA/plasmin  activity  is 
important  for  cellular  invasion  through  complex  matrices 
[Liu  et  al.,  1995;  Meissauer  et  al.,  1991;  Kawada  and 
Umezawa,  1995],  uPA  activity  is  apparently  not  required 
for  keratinocyte  locomotion  in  vitro  although  uPA  is 
required  for  fibrin  clearance  and  reepithelialization  of 
incisional  injuries  in  vivo  [Bugge  et  al.,  1996].  Occu¬ 
pancy  of  uPAR  by  uPA,  but  not  uPA  catalytic  activity, 
facilitates  wound-responsive  endothelial  cell  motility 


TABLE  II.  Relative  Transcription  Activity  of  CAT  Reporter 
Plasmids* 


Construct 

CAT  mRNA  abundance 

rPAI-CAT(  — 1230) 

9.25  ±  4.27 

rPAI-C  AT  ( — 7 64) 

4.51  ±  1.66 

rPAI-CAT(— 528) 

1.30  ±  0.21 

rPAI-CAT(— 266) 

0.69  ±  0.10 

rPAI-CAT(— 162) 

1.41  ±  1.11 

p764-CAT(del  162-533) 

9.23  ±  5.39 

*NRK  cells  were  transfected  with  the  indicated  plasmid  DNA. 
Growth-arrested  cultures  (see  Materials  and  Methods)  were  allowed  to 
remain  quiescent  or  serum-stimulated  for  4  h.  RNA  was  isolated  and 
plasmid  DNA  extracted  by  the  HIRT  procedure.  Dot-blot  hybridiza¬ 
tion  with  a  32P-labeled  CAT-specific  probe  was  used  to  quantify  CAT 
mRNA  and  plasmid  DNA  abundance.  CAT  mRNA  levels  (normalized 
to  the  corresponding  HIRT  signal)  are  expressed  relative  to  quiescent 
values  for  the  same  construct.  Data  represents  the  mean  ±  standard 
error  for  4-8  determinations. 


[Sato  and  Rifkin,  1988;  Pepper  et  al.,  1987;  Ando  and 
Jensen,  1996;  Okedon  et  al.,  1992].  uPA  function  in 
migration  across  a  denuded  zone,  therefore,  may  be  cell 
type-related  and  likely  involves  the  differential  utiliza¬ 
tion  of  uPA/uPAR  vs.  vitronectin/integrin  targets  as  P Al¬ 
l-sensitive  motors  [e.g..  Chapman,  1997;  Loskutoff  et 
al.,  1999].  Subcellular  targeting  of  de  novo-synthesized 
PAI-1  to  the  cellular  undersurface  in  close  proximity  to 
focal  contact  sites  [Kutz  et  al.,  1997],  moreover,  can 
influence  uPA-dependent  proteolysis  and  cell  attach¬ 
ment,  the  latter  as  a  consequence  of  interactions  between 
the  uPA/PAI-l/uPAR  system  and  vitronectin  or  between 
PAI-1  and  vitronectin/av  integrins  [Loskutoff  et  al., 
1999].  The  associated  changes  in  the  temporal  expression 
[Providence  et  al.,  2000]  and  site-specific  localization 
[Kutz  et  al.,  1997]  of  PAI-1,  moreover,  would  likely 
influence  the  stability  of  both  pre-existing  and  newly 
formed  cell-to-ECM  adhesive  complexes  [Ciambrone 
and  McKeown-Longo,  1990]  consistently  modulating, 
thereby,  cellular  migratory  traits  over  the  time  course  of 
injury  repair  [Blasi,  1996].  Affinity  differential  estimates 
suggest  that  PAI-1  may  effectively  dissociate  bound  vi¬ 
tronectin  from  the  uPAR,  detaching  cells  that  utilize 
uPAR  as  a  matrix  anchor  from  a  vitronectin  substrate 
[Deng  et  al.,  1996;  Loskutoff  et  al.,  1999].  uPAR-asso- 
ciated  uPA/PAI-1  complexes,  furthermore,  are  internal¬ 
ized  by  endocytosis  promoting  receptor  recycling 
[Andreasen  et  al.,  1997;  Blasi,  1996]  and,  thereby, 
vitronectin-dependent  cell  movement.  Alternatively,  PAI-1 
may  directly  inhibit  av  integrin-mediated  attachment  to 
vitronectin  by  blocking  accessibility  to  the  RGD  se¬ 
quence  located  proximal  to  the  uPAR  binding  site  [Ste- 
ffansson  and  Lawrence,  1996;  Loskutoff  et  al.,  1999]. 

Vector-driven  c -fos  down-regulation  in  NRK  cells 
resulted  in  significant  decreases  in  both  PAI-1  expression 
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and  basal  as  well  as  growth  factor-stimulated  cell  loco¬ 
motion.  Similarly,  c -fos  expression  has  been  linked  to 
migration  in  periodontal  ligament  cells  and  loss,  or  even 
partial  inhibition,  of  c -fos  induction  correlated  with  a 
marked  decline  in  motility  [Asahara  et  al.,  1999;  Xi  et  al., 
1999].  sofS  cells  have  a  reduced  proliferative  rate  (<60% 
that  of  parental  controls),  consistent  with  previous  esti¬ 
mates  of  a  40  to  75%  inhibition  of  cell  proliferation  in 
response  to  inducible  synthesis  of  c -fos  antisense  RNA  or 
microinjection  of  c-FOS  antibodies  [Holt  et  al.,  1986; 
Riabowol  et  al.,  1988].  This  growth  rate  difference  was 
unrelated  to  the  prominent  wound  healing  defect  charac¬ 
teristic  of  sofS  cells.  Indeed,  addition  of  hydroxyurea  to 
confluent  NRK  cell  cultures  prior  to  wounding  resulted 
in  loss  of  cohesiveness  between  individual  cells  (likely 
due  to  suppression  of  the  proliferative  cohort  that  sup¬ 
ports  the  migrating  front)  but  did  not  affect  migration 
into  the  denuded  zone  [Providence  et  al.,  2000].  FOS 
may  contribute  to  PAI-1  gene  control  via  transcriptional 
activation  by  AP-1  sites  [e.g.,  Keeton  et  al.,  1991; 
Descheemaeker  et  al.,  1992]  or  by  stimulation  of  the 
overall  growth  program.  While  the  PAI-1  gene  has  a 
number  of  AP-l-like  motifs  [Bruzdzinski  et  al.,  1990], 
one  such  sequence  maps  to  nt  -654  to  -660  within  the 
SRR.  This  SRR  AP-1  element  (TGACACA)  is  identical 
in  sequence  and  in  a  similar  position  to  an  AP-1  site  at  nt 
-711  to  -717  of  the  human  PAI-1  gene.  Deletion  of  nt 
-703  to  -740  (and,  therefore,  this  AP-1  motif)  in  a 
human  PAI-1  promoter-driven  reporter  construct  essen¬ 
tially  eliminates  growth  factor-induced  expression 
[Keeton  et  al.,  1991].  While  previous  analyses  suggest  a 
general  involvement  of  AP-1  in  growth  factor-initiated 
PAI-1  transcription  in  various  cell  types  [Keeton  et  al., 
1991;  Descheemaeker  et  al.,  1992;  Johnson  et  al.,  1992], 
molecular  events  underlying  PAI-1  synthesis  during  the 
specific  conditions  of  injury  repair  are  unknown  and  the 
precise  function  of  the  SRR  AP-1  site  remain  to  be 
determined.  Clearly,  however,  proteins  that  recognize  the 
AP-1  motif  (including  c-FOS)  are  present  in  growth- 
arrested  NRK  cells.  Since  c -fos  antisense  constructs  ef¬ 
fectively  down-regulate  both  induced  PAI-1  expression 
and  wound-associated  cellular  migration,  and  PAI-1  syn¬ 
thesis  is  important  for  the  injury-initiated  motile  response 
in  NRK  cells  [Providence  et  al.,  2000],  AP-1  factors  are 
likely  crucial  to  the  overall  regulation  of  the  program  of 
tissue  repair. 
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Induced  PAI-1  gene  expression  in  renal  epithelial 
(NRK-52E,  clone  EC-1)  cells  occurs  as  part  of  the  im¬ 
mediate-early  response  to  serum.  PAI-1  transcripts 
are  maximally  expressed  early  in  Gi  (within  4  h  of 
serum  addition  to  quiescent  EC-1  cells)  and  then  sub¬ 
sequently  decline  to  basal  levels  prior  to  entry  into 
DNA  synthetic  phase.  Comparative  analysis  of  PAI-1 
mRNA  abundance  and  de  novo- synthesized  thiolated 
RNA  in  quiescent  cells,  as  well  as  at  4  h  (early  GO  and 
20  h  (late  G2)  postserum  addition,  in  conjunction  with 
RNA  decay  measurements  indicated  that  PAI-1  gene 
regulation  upon  growth  activation  was  predominantly 
transcriptional.  An  E  box  motif  (CACGTG),  important 
in  the  induced  expression  of  some  growth  state-depen¬ 
dent  genes,  mapped  to  nucleotides  -160  to  -165  up¬ 
stream  of  the  transcription  start  site  in  the  PAI-1  prox¬ 
imal  promoter.  Mobility-shift  assessments,  using  a 
18-bp  deoxyoligonucleotide  construct  containing  the 
E  box  within  the  context  of  PAI-l-specific  flanking 
sequences,  confirmed  binding  of  EC-1  nuclear  pro- 
tein(s)  to  this  probe  and,  specifically,  to  the  E  box 
hexanucleotide  site.  The  specificity  of  this  protein- 
probe  interaction  was  verified  by  competition  analy¬ 
ses  with  double-stranded  DNA  constructs  that  in¬ 
cluded  E  box  deoxyoligonucleotides  with  non-PAI-1 
flanking  bases,  mutant  E  box  sequences  incapable  of 
binding  NRK  nuclear  proteins,  and  unrelated  (i.e., 
AP-1)  target  motifs.  Extract  immunodepletion  and  su¬ 
pershift/complex-blocking  experiments  identified  one 
PAI-1  E  box-binding  protein  to  be  upstream  stimula¬ 
tory  factor-1  (USF-1),  a  member  of  the  HLH  family  of 
^  transcription  factors.  Mutation  of  the  CACGTG  site  to 
TCCGTG  in  an  18-bp  PAI-1  probe  inhibited  the  forma¬ 
tion  of  USF-l-containing  complexes  confirming  that 
j  an  intact  E  box  motif  at  -160  to  -165  bp  in  the  PAI-1 
promoter  and,  in  particular,  the  CA  residues  at  —165 
and  -164  are  essential  for  USF-1  binding.  Incorpora¬ 
tion  of  this  2  bp  change  into  a  reporter  construct  con¬ 
taining  764  bp  of  the  proximal  PAI-1  "promoter”  li- 
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gated  to  a  CAT  gene  effectively  reduced  (by  74%)  CAT 
activity  in  cycling  cells.  An  intact  E  box  motif  at  nu¬ 
cleotides  -160  to  -165  in  the  PAI-1  promoter,  thus,  is 
an  important  functional  element  in  the  regulation  of 
PAI-1  transcriptional  activity  in  renal  cells.  ©  2000 
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INTRODUCTION 

Genes  encoding  products  required  for  Gx  transit  and 
entry  into  DNA  synthetic  phase  are  activated  within  a 
defined  time  frame  and  for  a  specified  duration  follow¬ 
ing  mitogen-induced  recruitment  of  quiescent  (G0)  cells 
into  the  proliferative  cycle  [1-5].  Such  growth-associ¬ 
ated  genes  segregate  among  the  immediate-early,  de- 
layed-early,  and  late  response  sets  depending  on  their 
kinetics  and  mode  of  induction  [6-8].  Immediate-early 
response  (IER)  genes  are  expressed  either  within  brief 
windows  during  the  G0-Gi  transition  (e.g.,  c -fos)  or 
throughout  the  Gi  phase  as  well  as  by  continuously 
cycling  cells  (e.g.,  c -myc)  [9,  10].  A  metabolic  hallmark 
of  IER  genes  is  rapid  stimulus-mediated  transcription 
involving,  at  least  initially,  a  primary  (i.e.,  protein 
synthesis-independent)  inductive  pathway  [1,  3,  5,  8]. 
In  contrast,  delayed-early  and  late  genes  usually  ex¬ 
hibit  secondary  response  characteristics  (i.e.,  require 
protein  synthesis  for  induction)  and  preferential  ex¬ 
pression  during  mid-to  late-Gi  and  S  phases  (e.g.,  Tl, 
thymidine  kinase)  [11].  IER  genes  encode  trancription 
factors  (which  target  the  delayed-early  and  late  genes 
necessary  for  continued  cell  growth),  structural  pro¬ 
teins  (that  comprise  the  cytoskeleton,  extracellular 
matrix,  and  cell-to-matrix  adhesion  complexes),  and 
matrix-active  proteases  and  their  inhibitors  [4,  12]. 
Collectively,  IER  gene  products  initiate  specific 
changes  in  gene  reprogramming  and  cytoarchitecture 
required  for  progression  of  activated  cells  through  the 
proliferative  cycle  [12-15], 

Prominent  among  the  repertoire  of  genes  activated 
in  response  to  serum  is  that  encoding  the  type  1  inhib¬ 
itor  of  plasminogen  activator  (PAI-1)  [15-18].  Synthe- 
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sis  of  PAI-1  mRNA  occurs  rapidly  and  transiently  upon 
addition  of  serum  to  quiescent  cells  [15,  17,  19]  as  well 
as  during  compensatory  regeneration  following  tissue 
injury  [20,  21].  PAI-1  complexes  with  urokinase  and 
tissue-type  plasminogen  activators  limiting,  thereby, 
the  generation  of  plasmin,  a  broad  spectrum  protease 
involved  in  fibrin  surveillance  and  extracellular  matrix 
turnover  [22,  23].  PAI-1  may  function,  therefore,  as 
part  of  a  global  program  of  tissue  remodeling/wound 
repair  or,  more  specifically,  within  the  context  of  the 
growth-activated  phenotype,  to  create  an  adhesive  en¬ 
vironment  permissive  for  anchorage-dependent  cell 
proliferation  and/or  migration  [16,  17,  24,  25],  Serum- 
induced  PAI-1  transcription  has  IER  kinetics  and  oc¬ 
curs  concomitantly  with  synchronous  G0  exit  and  entry 
of  stimulated  cells  into  a  cycling  Gl  condition  [17,  18]. 
PAI-1  mRNA  transcript  abundance  is  maximal  4  h 
postserum  exposure;  late  in  Gj  phase,  however,  second¬ 
ary  events  predominate  and  likely  mediate  a  rapid 
decline  in  mRNA  abundance  [15].  Since  the  available 
data  suggest  that  cell  cycle  phase-specific  constraints 
are  superimposed  on  growth  state-dependent  tran¬ 
scriptional  regulation  of  the  PAI-1  gene  during  the 
G0  — »  Gi  transition  [15],  we  used  a  synchronous  model 
of  cell  growth  activation  to  study  molecular  events 
associated  with  induced  PAI-1  gene  expression. 

MATERIALS  AND  METHODS 

Cell  culture .  Early  passage  renal  epithelial  (NRK-52E,  clone 
EC-1)  cells  were  grown  in  Dulbecco’s  modified  Eagle’s  medium 
(DMEM)  containing  10%  (v/v)  fetal  bovine  serum  (FBS).  To  initiate  a 
state  of  quiescence,  70-80%  confluent  cultures  were  washed  with 
Ca27Mg2+-free  HBSS  and  the  media  was  changed  to  serum-free 
DMEM.  Cells  were  synchronously  recruited  into  the  growth  cycle 
after  3  days  of  serum  deprivation  by  the  addition  of  FBS  to  a  final 
concentration  of  20%. 

RNA  isolation  and  Northern  blot  analysis.  RNA  was  isolated 
under  conditions  described  in  the  text,  separated  by  electrophoresis, 
transferred  onto  Nytran  membranes  by  capillary  action  using  10X 
SSPE  (1.8  M  NaCl,  100  mM  NaP04,  pH  7.4,  10  mM  ethylenedi- 
aminetetraacetic  acid  [EDTA]),  and  UV-crosslinked.  Blots  were  in¬ 
cubated  at  42°C  for  2  h  in  50%  formamide,  5X  Denhardt’s  reagent, 
1%  sodium  dodecyl  sulfate  (SDS),  100  jug/ml  salmon  sperm  DNA,  5X 
SSPE  buffer  and  then  hybridized  at  42 °C  for  16  h  with  5  x  106  cpm 
[32P]dCTP-labeled  cDNA  probes  to  rat  PAI-1,  glyceraldehyde  phos¬ 
phate  dehydrogenase  (GAPD),  actin  [15],  or  A-50  (an  RNA  transcript 
the  abundance  of  which  does  not  change  as  a  function  of  serum 
stimulation  [15])  in  50%  formamide,  2.5X  Denhardt’s  reagent,  1% 
SDS,  100  fig/ ml  salmon  sperm  DNA,  5X  SSPE,  and  10%  dextran 
sulfate.  Membranes  were  washed  three  times  (15  min  each)  at  42°C 
in  0.1%  SSPE/0.1%  SDS  followed  by  three  washes  at  55°C  and 
exposed  to  X-OMAT  AR-5  film. 

Analysis  of  de  novo-synthesized  transcripts.  Thiouridine  (4-TU; 
100  fiM)  [26-28]  was  added  to  serum-stimulated  cultures  2  h  prior  to 
RNA  isolation.  Cellular  RNA  (200  fig)  was  incubated  at  55°C  for  10 
min  in  0.5  ml  buffer  A  (50  mM  sodium  acetate,  0.1%  SDS,  0.15  M 
NaCl,  4  mM  EDTA)  and  then  batch-absorbed  in  the  dark  to  3  ml  of 
Affigel-501  (Bio-Rad,  Melville,  NY)  in  1.2  ml  of  buffer  A  for  2  h  on  ice. 
Affigel-501/RNA  slurry  columns  were  washed  with  2.4  ml  buffer  A 
followed  by  2.4  ml  of  buffer  A  containing  0.5  M  NaCl  to  remove 


nonspecifically  bound  RNA  and  thiol-containing  transcripts  eluted 
with  2.4  ml  buffer  A  containing  10  mM  2-mercaptoethanol.  RNA  was 
precipitated  with  0.1  M  sodium  acetate  and  65%  absolute  ethanol 
(final  concentrations)  at  -20°C  for  16  h,  washed  with  0.5  ml  75% 
ethanol,  and  resuspended  in  0.1  mM  EDTA.  For  PAI-1  mRNA  half- 
life  measurements,  actinomycin  D  (5  figl ml)  or  5,6  dichlorobenzimi- 
dazole  riboside  (50  fig/ ml)  was  added  independently  to  cell  cultures 
4  h  postserum  stimulation.  RNA  was  isolated  at  Time  0  (prior  to  drug 
addition)  and  at  hourly  increments  up  to  4  h  postaddition  of  drug 
(i.e.,  8  h  after  serum  stimulation). 

Nuclear  extracts.  Quiescent  and  serum-stimulated  cells  were 
trypsinized,  harvested  by  centrifugation,  resuspended  in  400  fi\  of 
cold  buffer  (10  mM  Hepes,  pH  7.9,  10  mM  KC1,  0.1  mM  EDTA,  0.1 
mM  EGTA,  1  mM  DTT),  placed  on  ice  for  15  min,  and  then  vortexed 
for  10  s  after  the  addition  of  25  fi\  10%  Nonidet  NP-40.  Lysates  were 
centrifuged  for  30  s  at  14,000gv  nuclei  were  resuspended  in  50  fi\  of 
cold  lysis  buffer  (20  mM  Hepes,  pH  7.9,  0.4  M  NaCl,  1  mM  EDTA,  1 
mM  EGTA,  1  mM  DTT  containing  leupeptin,  aprotinin,  chymostatin, 
pepstatin  A,  antipain  [each  at  a  final  concentration  of  10  fig/ml])  and 
rocked  at  4°C  for  15  min,  and  extracts  were  clarified  at  10,000^  for  5 
min. 

PCR.  A  32P-labeled  100-bp  deoxyoligonucleotide  probe  encom¬ 
passing  the  PAI-1  E  box  (at  -165  to  -160  bp  upstream  of  the 
transcription  start  sit)  was  PCR-generated.  Primers  corresponded  to 
nucleotides  -234  to  -216  (5 ' -C AGAGATGTTC C AGTC AAG-3 ' )  and 
-152  to  -135  (5'-CTCCCTCCCAGTAACTTG-3'),  relative  to  the 
transcription  start  site.  The  PCR  consisted  of  50  fi\  of  buffer  B  (50 
mM  KC1,  10  mM  Tris-HCl,  pH  9.0,  0.1%  Triton  X-100),  0.9  mM 
dGTP,  dTTP,  and  dATP,  100  ng  template  plasmid  (cloned  insert 
corresponding  to  nucleotides  -1237  to  +34  of  PAI-1  genomic  se¬ 
quence)  [29],  50  pM  of  each  primer,  50  fiCi  [32P]dCTP  (3000  Ci/ 
mmol),  and  Taq  polymerase  (0.75  fi\,  5  U).  The  PCR  product  was 
chloroform-extracted  and  retrieved  by  passage  through  a  30,000  MW 
spin  column  followed  by  electrophoresis  on  a  4%  Tris/glycine  poly¬ 
acrylamide  gel  for  1  h  at  130  V.  The  probe  was  excised  from  the  gel 
and  eluted  in  500  fi\  STE  (10  mM  Tris-HCl,  pH  7.5,  10  mM  NaCl,  1 
mM  EDTA,  pH  8.0).  Unlabeled  PCR  competitors  were  also  gener¬ 
ated. 

Mobility -shift  assay.  Double-stranded  deoxyoligonucleotides  (3-5 
pM)  were  incubated  at  37°C  for  10  min  with  T4  polynucleotide  kinase 
(5-10  units/pl)  in  70  mM  Tris-HCl  buffer,  pH  7.6,  containing  10  mM 
MgCl2,  5  mM  DTT,  and  [32P]dATP  (3000  Ci/mmol).  Probe  was  puri¬ 
fied  by  filtration  through  a  10,000  MW  cellulose  spin  column.  Con¬ 
structs  used  were  as  follows  (only  the  coding  strand  is  indicated): 
PAI-1  E  box,  5 '  -TAC  AC  AC  ACGTGTC  C  C  AG-3 ' ;  PAI-1  mutant  E  box 
#1,  5 '  -TAC  AC  AC  ACGGATCCC  AG-3 ' ;  PAI-1  mutant  E  box  #2,  5'- 
TAC AC ATCCGTGTCCCAG-3 ' ;  standard  consensus  E  box,  5'- 
GGAAGCAGACC ACGTGGTCTGTGCTTCC-3 ' ;  AP-1  consensus  se¬ 
quence,  5 ' -CGCTTGATGACTCAGCCGGAA-3 ' . 

Nuclear  extracts  were  incubated  with  50,000-250,000  cpm  of  32P 
end-labeled  deoxyoligonucleotides  in  5X  gel-shift  buffer  (20%  glyc¬ 
erol,  5  mM  MgCl2,  2.5  mM  EDTA,  2.5  mM  DTT,  250  mM  NaCl,  50 
mM  Tris-HCl,  pH  7.5,  0.4  mg/ml  dldC).  Following  room  temperature 
incubation  for  20  min,  gel  loading  buffer  (25  mM  Tris-HCl,  pH  7.5, 
0.02%  bromphenol  blue,  0.02%  xylene  cyanol,  4%  glycerol)  was 
added.  Complexes  were  separated  on  TBE  gels  (5%  TBE  buffer  [890 
mM  Tris-HCl,  pH  8.0,  890  mM  boric  acid,  20  mM  EDTA]  containing 
2.5%  bis-acrylamide,  10%  acrylamide,  3.1%  glycerol,  0.5%  TEMED, 
0.75%  ammonium  persulfate),  Tris/glycine  gels  (Tris/glycine  buffer 
[50  mM  Tris-HCl,  2  mM  EDTA,  100  mM  glycine]  containing  4% 
polyacrylamide,  0.5%  bis-acrylamide,  2.5%  glycerol,  0.075%  ammo¬ 
nium  persulfate,  0.085%  TEMED),  or  TBE  3-12%  gradient  gels. 

UV  crosslinking ,  immunodepletion,  and  super  shift  analyses.  The 
PAI-1  18-bp  wild-type  (WT)  E  box  deoxyoligonucleotide  was  32P- 
body-labeled  by  PCR  using  a  primer  set  corresponding  to  nucleotides 
-170  to  -164  (5'-TACACA-3')  and  -152  to  -158  (5'-CTGGGA-3') 
and  purified  via  a  10-kDa  spin  column.  Nuclear  extract  binding 
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9  reactions  were  carried  out  in  a  96-well  microtiter  plate  for  20  min  at 
room  temperature  prior  to  UV  irradiation  (4.8  to  24.0  pJ/cm2)  fol¬ 
lowed  by  DNase- 1-treatment  (2  pg/ ml).  Sample  buffer  (50  mM  Tris- 
HC1,  pH  6.8,  10%  glycerol,  1%  SDS,  1%  2-mercaptoethanol,  0.01% 
bromphenol  blue)  was  added,  and  the  complexes  were  boiled  and 
resolved  on  SDS/9%  polyacrylamide  slab  gels  (9%  acrylamide,  0.24  % 
bis-acrylamide,  0.375  M  Tris-HCl,  pH  8.8,  0.1%  SDS,  0.03%  ammo¬ 
nium  persulfate,  0.025%  A/',A',A',,iV,-tetramethylethylenediamine). 
For  immunodepletions,  extracts  (40  pg)  were  brought  to  a  final 
t  volume  of  30  pi  with  Ca2+/Mg2+-free  PBS;  antibodies  (Chemicon  or 
Santa  Cruz  Biotechnology)  were  used  at  1  pg/reaction  (MYC  [AP- 
132];  MAX  [c-17  and  c-124];  MYC  [c-33];  MAD  [c-193;  USF-1  [c-20]; 
USF-2  [N-18];  c-FOS  [4-1D-G].  In  control  reactions,  the  specific  Ig 
was  replaced  with  nonimmune  Ig,  with  antibody  of  the  appropriate 
isotype  to  an  irrelevant  antigen  (i.e.,  annexin),  or  bovine  serum 
albumin  (BSA)  at  a  final  concentration  of  1  pg/ml.  Mixtures  were 
placed  at  4°C  for  1  h  and  5  pi  protein  G  beads  added  for  an  additional 
incubation  at  4°C  for  1  h  with  moderate  shaking.  After  centrifuga¬ 
tion  at  10,000g  at  4°C,  10- pi  supernatant  aliquots  were  used  in 
mobility  shifts.  Antibodies  (1  to  2  pg  per  reaction)  were  either  added 
to  the  formed  extract  protein/32P-labeled  DNA  probe  complexes  and 
maintained  at  room  temperature  for  20  min  prior  to  electrophoresis 
or  incubated  with  nuclear  extracts  prior  to  probe  addition  for  super- 
shift  and  blocking  assays,  respectively. 

Site-directed  mutagensis  of  the  PAI-1  E  box.  The  E  box  motif 
(CACGTG)  was  mutated  to  TCCGTG  in  the  PAI-1  genomic  sequence 
plasmid  as  well  as  in  the  rPAI-CAT(-764)  vector,  which  contains 
764  bp  of  proximal  PAI-1  5'  flanking  genomic  sequence  cloned  up¬ 
stream  of  a  CAT  reporter  gene,  using  the  QuickChange  Site-directed 
mutagenesis  kit  (Stratagene,  La  Jolla,  CA).  The  PCR  contained  5  pi 
10X  reaction  buffer  [100  mM  KC1,  60  mM  (NH4)2S04,  200  mM 
Tris-HCl,  pH  8.0,  20  mM  MgCl2,  1%  Triton  X-100,  100  pg/ml  nucle¬ 
ase-free  bovine  serum  albumin],  5-50  ng  of  double-strandard  DNA 
template,  1.25  ng  appropriate  mutagenizing  primers,  1  pi  of  a  10  mM 
stock  of  dNTP  mix  (2.5  mM  each  NTP),  and  1  pi  of  PFU  DNA 
polymerase  (2.5  U/pl).  The  reaction  was  overlaid  with  30  pi  mineral 
oil  and  amplified.  Following  PCR,  1  pi  Dpn  I  (10  U/pl)  was  added  and 
the  reaction  mixture  incubated  at  37°C  for  1-2  h  to  digest  the 
parental  DNA  plasmid.  Recovered  mutant  plasmids  were  trans¬ 
formed  into  XL-1  Blue  supercompetent  bacteria.  Derived  mutations 
were  confirmed  by  loss  of  E  box-specific  endonuclease  sensitivity, 
using  1  pi  BbrPI  (10  U/pl)  which  cleaves  the  palindromic  E  box  motif 
CAC  |  GTG,  and  by  sequencing. 

Transfection.  Cells  were  washed  twice  in  antibiotic-  and  serum- 
free  DMEM;  LipofectAMINE  (28  pVdish)-CAT  reporter  DNA  (4  pg/ 
dish)  complexes  were  added  (optimal  concentrations  of  each  deter¬ 
mined  by  titration);  and  cultures  were  incubated  at  37°C  for  5  h  prior 
to  the  addition  of  DMEM/10%  FBS.  The  following  day,  the  cells  were 
trypsinized  and  subcultured  in  serum-containing  DMEM;  24  h  later, 
cells  were  harvested;  aliquots  were  placed  in  two  microfuge  tubes; 
the  cells  were  collected  at  10,000g  and  washed  with  CMF-HBSS.  One 
tube  was  used  to  prepare  whole- cell  extracts  (for  CAT  activity  as¬ 
sessments  by  thin-layer  chromatography)  while  the  other  was  used 
for  HIRT  extraction  (for  calculation  of  transfection  efficiency). 

*  CAT  assays.  Cells  were  resuspended  in  50  pi  of  0.25  M  Tris-HCl, 
pH  7.8,  vortexed,  and  lysed  by  three  cycles  of  freeze-thawing,  and 
w  debris  was  removed  by  centrifugation  at  10,000g  for  5  min  at  4°C. 

J  The  supernatant  was  collected,  heated  at  65°C  for  10  min,  and 

incubated  at  37°C  in  a  mixture  containing  10  pi  [14C] chlorampheni¬ 
col  (specific  activity  59.5  mCi/mmol),  50  pi  1  M  Tris-HCl,  and  20  pi 
3.5  mg/ml  acetyl-CoA;  after  2  h,  1  ml  ethyl  acetate  was  added,  tubes 
were  vortexed  and  centrifuged  at  room  temperature  for  5  min,  and 
the  upper  (aqueous)  phase  (900  pi)  was  removed  and  placed  in  a 
separate  tube.  The  samples  were  dried  using  a  DNA  110  Speed  Vac, 
resuspended  in  ethyl  acetate  (15  pi),  spotted  onto  KF6  silica-coated 
plates  (Whatman  Laboratories,  Clifton,  NJ),  and  chromatographed 
in  190  ml  chloroform/10  ml  ethanol  for  2  h. 
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FIG.  1.  Kinetics  of  induced  PAI-1,  actin,  A- 50,  and  GAPD  expres¬ 
sion  in  EC-1  cells  as  a  function  of  time  after  serum  stimulation. 
PAI-1  mRNA  levels  were  maximal  4  h  postserum  addition  to  quies¬ 
cent  cells  and  declined  by  16-20  h  (A).  GAPD  transcripts,  in  con¬ 
trast,  progressively  increased  during  synchronous  transit  of  stimu¬ 
lated  EC-1  cells  through  the  division  cycle  whereas  A-50  mRNA 
levels  remained  unchanged  (A,  B).  Data  in  C  represent  the  mean  ± 
standard  deviation  of  PAI-1  mRNA  abundance  normalized  to  A-50 
signal  derived  from  scan  analysis  of  blots  from  three  separate  exper¬ 
iments. 


HIRT  extraction.  Cells  were  resuspended  in  300  pi  0.6%  SDS  and 
10  mM  EDTA  and  maintained  at  room  temperature  for  15  min,  and 
NaCl  was  added  to  a  final  concentration  of  1  M;  protein  and  high  MW 
DNA  were  allowed  to  precipitate  overnight  at  4°C.  After  centrifuga¬ 
tion  for  30  min  at  4°C,  supernatants  were  collected  and  incubated  at 
37°C  following  addition  of  Rnase  (5  pi  of  a  1  pg/ml  stock).  Proteinase 
K  was  added  (1  pg  of  a  20  pg/ml  stock)  for  a  1-h  incubation  at  37°C; 
plasmid  DNA  recovered  by  phenol: chloroform  extraction,  denatured 
by  addition  of  NaOH  to  0.3  N,  and  incubated  at  65°C  for  1  h;  6X 
SSPE  (400  pi)  was  added;  DNA  was  transferred  to  Nytran  mem¬ 
branes  and  UV  cross-linked.  Folowing  incubation  for  2  h  at  65°C  in 
5X  Denhardt’s  solution,  6X  SSPE,  0.5%  SDS,  and  150  pg/ml  heat- 
denatured  salmon  sperm  DNA,  a  random-primed  32P-labeled  CAT 
probe  was  added  for  hybridization  overnight.  Blots  were  washed 
three  times  for  20  min  each  with  0.1X  SSPE/0.1%  SDS  prior  to 
autoradiography. 


RESULTS 

Addition  of  serum  (to  a  final  concentration  of  20%)  to 
cells  previously  rendered  quiescent  by  growth  factor- 
deprivation  results  in  synchronous  G0  exit  and  entry 
into  a  cycling  G:  state  [15]  with  concomitant  induction 
of  PAI-1  expression  (Fig.  1).  PAI-1  transcript  abun- 
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dance  is  maximal  4  h  postserum  stimulation  (25-fold 
increase  in  PAI-1  mRNA  content  relative  to  quiescent 
controls).  Late  in  G:  and  prior  to  S  phase  (DNA  syn¬ 
thesis  occurs  10-12  h  after  serum  addition  to  quiescent 
NRK-52E  clone  EC-1  cell  cultures;  [18]),  PAI-1  mRNA 
levels  decrease  and  continue  to  decline  throughout  the 
remainder  of  the  growth  cycle  (Fig.  1C).  Actin  tran¬ 
scripts  accumulated  with  kinetics  similar  to  that  of 
PAI-1.  The  amplitude  of  PAI-1  induction  (i.e.,  relative 
expression  in  stimulated  as  compared  to  quiescent 
cells),  however,  was  considerably  greater  (by  5-fold) 
than  that  of  actin,  at  least  at  4  h  postserum  addition. 
GAPD  mRNA,  in  contrast,  continued  to  increase  fol¬ 
lowing  growth  “activation”  reaching  a  maximum  (ap¬ 
proximately  3-fold)  at  20  h  (Fig.  IB). 

Induced  PAI-1  expression  during  the  Gy-Gi  transi¬ 
tion  occurs  as  part  of  the  immediate-early  response  to 
mitogens  [15,  30].  The  actual  mode(s)  of  PAI-1  gene 
control  operative  throughout  the  later  phases  of  the 
growth  cycle,  however,  is  unknown  and  complicated  by 
a  duality  of  regulatory  events  involving  both  primary 
(i.e.,  protein  synthesis-independent)  and  secondary 
(i.e.,  protein  synthesis-dependent)  mechanisms  which 
merge  in  approximately  mid-Gi  [18].  Previous  kinetic 
assessments  indicated  that  PAI-1  transcriptional  ac¬ 
tivity  increased  as  early  as  10  min  following  serum 
addition  [15].  Induction  occurred  in  the  presence  of 
protein  synthesis  inhibitors  although  PAI-1  gene  activ¬ 
ity  at  the  late  stages  of  activation  (i.e.,  20  h  postserum 
addition)  was  not  addressed.  Northern  analysis  of  thio- 
lated  RNA  disclosed  a  profile  of  PAI-1  and  GAPD  tran¬ 
scription  that  reflected  steady-state  mRNA  levels  (Fig. 
2A).  Due  to  the  progressive  increase  GAPD  transcrip¬ 
tion  evident  throughout  the  growth  cycle  of  activated 
EC-1  cells,  and  the  3-fold  differential  between  quies¬ 
cent  (Time  0)  and  20  h  serum-stimulated  GAPD  mRNA 
levels,  A-50  hybridization  signal  was  used  to  normalize 
PAI-1  transcriptional  rate.  A  16-fold  increase  in  PAI-1 
transcription  (relative  to  quiescent  cells)  was  evident 
at  4  h  postserum  stimulation  while  de  novo  expression 
of  GAPD  transcripts  remained  unchanged  (Fig.  2B). 
GAPD  transcription  was  elevated  2.5-fold  over  quies¬ 
cent  controls  20  h  after  serum  addition  closely  reflect¬ 
ing  the  3-fold  increase  in  steady-state  GAPD  mRNA 
abundance  at  this  same  time  point  while  de  novo  PAI-1 
mRNA  synthesis  declined  from  a  maximum  at  4  h  to 
relatively  low  levels  by  20  h  (Figs.  IB,  2A,  and  2B). 
There  was  no  significant  difference  either  in  the 
amount  of  RNA  recoverable  from  equivalent  numbers 
of  EC-1  cells  or  in  the  percentage  thiolated  RNA  (at  the 
0,  4,  or  20  h  time  points).  Such  abrupt  growth  state- 
related  changes  in  PAI-1  transcription  and  steady- 
state  RNA  levels  necessitated  an  evaluation  of  PAI-1 
transcript  decay  rate  specifically  during  the  period  of 
transit  from  maximal  (4  h)  to  basal  (20  h)  expression. 
Actinomycin  D  was  added  (final  concentration  of  5 
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FIG.  2.  Time  course  of  serum-induced  PAI-1  transcription. 
Northern  blots  of  de  /icwo-synthesized  4-TU4abeled  RNA  (A)  were 
scanned  and  PAI-1  and  GAPD  transcript  signals  normalized  to  that 
of  A-50  (i.e.,  PAI-l/A-50  and  GAPD/A-50;  y  axis  -  arbitrary  densi- 
tometric  units)  (B).  Relative  to  quiescent  EC-1  cultures  (0  h),  PAI-1 
transcripts  increased  16-fold  at  4  h  postserum  addition  while  at  20  h 
PAI-1  transcription  was  similar  to  that  of  unstimulated  cells  when 
normalized  to  A-50  signal.  Thiolated  GAPD  transcripts  were  maxi¬ 
mal  (2.5-fold)  at  20  h  postserum  addition  closely  approximating  the 
20-h  3-fold  increase  in  steady-state  GAPD  mRNA  abundance  (y  axis 
for  thiol-RNA  =  %  of  total  RNA).  Total  RNA  recovered  at  each  time 
point  (y  axis  for  total  RNA  =  ng  RNA  extracted  from  equal  numbers 
of  cells)  was  equivalent  as  were  the  levels  of  thiol-containing  tran¬ 
scripts  (B).  Data  shown  are  representative  of  three  separate  exper¬ 
iments. 


/xg/ml)  to  cell  cultures  4  h  after  serum-stimulation; 
RNA  was  isolated  prior  to  drug  addition  and  at  hourly 
intervals  thereafter  for  Northern  analysis.  PAI-1 
mRNA  half-life  approximated  90  min  (Fig.  3),  consis¬ 
tent  with  the  decay  rate  calculated  for  PAI-1  tran¬ 
scripts  in  serum-stimulated  NIH  3T3  fibroblasts  [1], 
Identical  results  were  obtained  using  5,6  dichloroben- 
zinidazole  riboside  (not  shown).  The  kinetic  profiles  of 
steady-state  PAI-1  mRNA  levels,  particularly  at  the  4 
and  20  h  time  points,  coupled  with  the  rather  short 
mRNA  half-life  and  declining  PAI-1  transcriptional 
rate  are  compatible  with  attainment  of  the  low  tran¬ 
script  abundance  evident  in  the  late  states  (i.e.,  20  h 
postserum  addition)  of  the  cell  growth  cycle  (Fig.  1). 
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FIG.  3.  Assessment  of  PAI-1  mRNA  stability  in  serum- activated 
EC-1  cells.  EC-1  cells  were  stimulated  with  serum  for  4  h,  actinomy- 
cin  D  was  added,  and  RNA  was  isolated  at  the  indicated  times 
postinhibitor  exposure.  Quantitative  densitometry  of  Northern  blot 
signal  was  used  to  calculate  a  PAI-1  mRNA  half-life  of  approximately 
90  min  during  the  early  stage  of  transit  from  maximal  (at  4  h 
postserum  stimulation)  to  basal  expression. 


in  mobility-shift  experiments  upon  incubation  of  nu¬ 
clear  extracts  from  4  and  20  h  FBS-stimulated  cells 
with  the  32P-labeled  PAI-1  E  box  18-bp  deoxyoligonu- 
cleotide  probe;  such  binding  activity  was  not  as  prom¬ 
inent  in  shifts  developed  with  extracts  from  quiescent 
cells  (i.e.,  0  h)  (Fig.  4B).  This  probe  shift  pattern  was 
maintained  when  unlabeled  AP-1  or  mutant  E  box 
(PAI-1  mutant  E  box  construct  1;  CACGGA)  deoxyoli- 
gonucleotide  competitors  (both  in  100-fold  molar  ex- 
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A  search  of  the  5'  flanking  region  of  the  PAI-1  gene, 
to  identify  potential  cis- acting  elements  involved  in 
growth  state-dependent  gene  expression,  identified  a 
consensus  E  box  motif  (CACGTG)  at  nucleotides  - 165 
to  -160  upstream  of  the  transcriptional  start  site.  This 
region  is  protected  from  DNase  I  digestion  in  growing 
HTC  cells  [29];  neither  the  identity  of  the  bound  pro¬ 
teins  nor  the  potential  growth  cycle  dependency  of  pro¬ 
tein  binding,  however,  was  determined.  In  order  to 
establish  PAI-1  E  box  element  occupancy  in  EC-1  cells, 
a  32P  body-labeled  100-bp  segment  of  the  PAI-1  gene 
(including  the  E  box  motif)  was  used  as  a  probe.  Pre¬ 
liminary  findings  confirmed  that  nuclear  protein(s) 
present  in  extracts  from  4  to  20  h  serum-stimulated 
cells  retarded  the  mobility  of  this  PAI-1  100-bp  pro¬ 
moter  fragment  (Fig.  4A).  An  unlabeled  18-bp  deoxy- 
oligonucleotide  containing  a  consensus  E  box  motif  in 
the  context  of  PAI-1  5'  flanking  sequences  effectively 
competed  the  most  prominent  band  shift  obtained  with 
this  100-bp  probe,  indicating  that  protein(s)  bound 
within  this  DNA-protein  complex  were  specific  to  the  E 
box  motif  and  flanking  nucleotides  (Fig.  4A).  As  further 
evidence  of  specificity  of  this  interaction,  the  unlabeled 
self  100-bp  PCR  DNA  product  competed  all  probe  com¬ 
plexes  formed  by  proteins  in  the  4  and  20  h  extracts 
while  an  AP-1  deoxyoligonucleotide  (5'-CGCTTGAT- 
GACTC AGCC GGAA-3 ' )  was  ineffective  (not  shown). 
Since  the  18-bp  PAI-1  construct  with  the  E  box  motif 
was  a  major  protein-binding  sequence,  at  least  when 
used  as  a  competitor,  it  was  important  to  characterize 
this  binding  in  more  detail.  Complexes  were  resolved 
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FIG.  4.  Binding  of  nuclear  factors  to  the  PAI-1  proximal  pro¬ 
moter  E  box.  Resolution  of  the  most  prominently  shifted  complex 
(arrowhead  in  A)  generated  upon  incubation  of  a32P  body-labeled 
100-bp  PAI-1  promoter  fragment  with  nuclear  protein  from  serum- 
stimulated  (4  and  20  h)  EC-1  cells  was  dependent  on  input  nuclear 
extract  and  could  be  titrated  by  decreasing  the  protein  content  in  the 
binding  reaction.  Unlabeled  competing  DNAs  (at  the  indicated  molar 
excess)  included  the  100-bp  (self)  fragment  (not  shown)  and  the  18-bp 
PAI-1  E  box  sequence  (A).  This  same  18-bp  PAI-1  E  box  construct 
was  32P  end-labeled  and  used  as  a  probe;  a  standard  consensus  (SC) 
E  box  (CACGTG)  construct  with  non-PAI-l-related  flanking  se¬ 
quences  competed  for  binding  to  the  PAI-1  probe  while  an  unrelated 
sequence  (AP-1)  was  ineffective  (B).  The  PAI-1  E  box  self- competitor 
(WT)  eliminated  probe  binding  while  a  mutant  (MUT)  E  box 
(CACGGA)  construct  failed  to  inhibit  complex  formation  between  the 
nuclear  factors  and  the  18-bp  PAI- 1-specific  E  box  WT  probe  (B).  As 
a  control,  the  mutant  E  box  deoxyoligonucleotide  was  end-labeled  for 
use  as  a  probe  in  mobility-shift  reactions.  The  wild-type  18-bp  PAI-1 
E  box  probe  (WT)  produced  the  expected  complexes  when  incubated 
with  nuclear  extracts  from  quiescent  and  serum-stimulated  cells;  the 
mutant  (MUT)  construct,  in  contrast,  failed  to  produce  band  shifts 
(C)  consistent  with  its  ineffectiveness  as  a  competing  sequence  (B). 
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FIG.  5.  Immunodepletion  of  20  h  FBS-stimulated  nuclear  ex¬ 
tracts  with  antibodies  to  USF-1  reduces  binding  activity  to  the  PAI-1 
E  box.  Incubation  of  extracts  with  antibodies  to  MYC,  MAX,  FOS,  or 
annexin  or  inclusion  of  BSA  in  the  reaction  mixture  prior  to  addition 
of  the  32P-labeled  18-bp  PAI-1 -specific  probe  failed  to  block  formation 
of  DNA/protein  complexes.  Antibodies  to  USF-1,  in  contrast,  effec¬ 
tively  inhibited  or  substantially  reduced  the  typical  PAI-1  E  box 
probe  shift. 


cess)  were  included  in  the  reaction  mixture.  Band 
shifts  were  successfully  competed,  however,  upon  si¬ 
multaneous  addition  of  a  100-fold  molar  excess  of  an 
unlabeled  wild-type  (WT)  self-competitor  or  a  standard 
consensus  (SC)  E  box  construct  (i.e.,  an  E  box  hex- 
anucleotide  motif  with  non-PAI-1  flanking  sequences; 
as  under  Materials  and  Methods)  (Fig.  4B).  The  mu¬ 
tant  E  box  competitor  (CACGGA),  flanked  by  PAI-1- 
specific  sequences,  was  an  unsuccessful  competitor 
(Fig.  4B)  and  incapable  of  forming  shift  complexes 
when  32P  end-labeled  and  used  as  a  probe  in  a  gel- 
retardation  assay  (Fig.  4C),  thus  indicating  a  require¬ 
ment  (and  specificity)  for  an  intact  consensus  hex- 
anucleotide  E  box  for  protein  binding. 

Preliminary  UV-crosslinking  studies,  initiated  to 
identify  factors  capable  of  complexing  to  the  PAI-1  E 
box,  resolved  proteins  of  approximately  62-,  45-,  and 
30-kDa  as  bound  species  (not  shown).  Nuclear  extracts 
from  20  h  serum-stimulated  EC-1  cells  (which  pos¬ 
sessed  prominent  E  box-binding  activity;  e.g.,  Fig.  4B) 
were  subsequently  incubated,  therefore,  with  antisera 
to  transcriptional  elements  with  known  E  box-recogni¬ 
tion  specificity  (i.e.,  the  bHLH  or  bHLHZ  proteins)  and 
that  corresponded  to  this  mass  range.  Mobility-shift 
assays  using  such  immunodepleted  extracts  resulted 
in  the  identification  of  USF-1,  a  43-kDa  CACGTG- 
binding  protein  (see  Discussion),  as  a  PAI-1  E  box 
binding  factor  (Fig.  5).  Supershift  and  combined  super- 
shift/blocking  analyses  confirmed  at  least  one  PAI-1  E 
box  resident  protein  to  be  USF-1  under  conditions  of 
induced  growth  (Fig.  6A)  as  well  as  in  constitutively 
growing  cells  (Fig.  6B).  Fine  analysis  of  the  gel  shift 
pattern,  by  titering  levels  of  input  nuclear  protein, 
resolved  two  closely-spaced  bands  (particularly  promi¬ 


nent  in  shifts  developed  with  the  20  h  nuclear  extract). 
The  mobility  of  only  the  upper  band  in  this  complex 
(single  arrowhead  in  Fig.  6A),  however,  was  super- 
shifted  (or  formation  of  this  complex  blocked)  when 
antibodies  to  USF-1  were  included  in  the  nuclear  ex¬ 
tract  PAI-1  E  box  probe  reaction,  indicating  the  pres¬ 
ence  of  USF-1  in  the  formed  DNA-protein  complexes. 
Addition  of  an  antibody  to  USF-2,  in  contrast,  had  no 
effect  on  the  pattern  of  probe  retardation  (Fig.  6B). 
Band-shift  analysis  with  a  second  mutant  E  box  con¬ 
struct  confirmed  the  requirement  for  an  intact  WT 
sequence  at  -165  to  -160  bp.  The  PAI-1  template 
plasmid  (Materials  and  Methods)  was  used  to  create 
the  mutation  CACGTG  -»  TCCGTG  at  the  PAI-1  E  box 
site  (Fig.  7A).  This  particular  mutation  was  designed 
since  HLH  proteins  with  known  E  box  recognition  ac¬ 
tivity  have  a  conserved  glutamate  residue  which  forms 
hydrogen  bonds  with  the  first  cytosine  and  adenine  of 
the  E  box  motif  [31].  Preliminary  studies  indicated  that 
this  base  change  inhibited  the  formation  of  the  char¬ 
acteristic  E  box-dependent  mobility  shift  (e.g.,  Fig.  4A, 
arrowhead)  when  a  100-bp  PCR-generated  PAI-1  prox¬ 
imal  promoter  fragment  composing  the  mutant  E  box 
motif  was  used  as  a  probe  (not  shown).  As  binding  was 
apparently  dependent  on  the  presence  of  a  consensus  E 
box  motif  (Fig.  4B  and  4C),  an  18-bp  deoxyoligonucle- 
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FIG.  6.  Identification  of  USF-1  as  a  component  of  the  PAI-1  E 
box-binding  complex.  Incubation  of  a  polyclonal  USF-1  antibody  in 
reaction  mixtures  containing  a  32P-labeled  18-bp  PAI- 1-specific  DNA 
probe  (as  in  Figs.  4B  and  4C)  and  nuclear  extracts  from  4  and  20  h 
serum-stimulated  EC-1  cells  produced  a  prominant  supershift  (dou¬ 
ble  arrowheads  in  A),  or  effectively  blocked  formation,  of  the  upper 
component  in  the  shifted  complex  (single  arrowhead  in  A)  particu¬ 
larly  evident  at  the  20-h  time  point  (A).  Since  antibody  was  included 
at  the  time  of  DNA-protein  addition  (in  A),  considerable  inhibition  of 
complex  formation  specific  for  the  upper  band  in  the  shift  (single 
arrowhead  in  A)  is  also  evident.  The  USF- 1-specific  supershifted 
band  in  (B)  (indicated  with  a  single  arrowhead)  was  resolved  by  the 
addition  of  antibodies  after  formation  of  DNA-protein  complexes. 
Inclusion  of  a  polyclonal  antibody  to  USF-2,  in  contrast,  had  no  effect 
on  migration  of  the  probe  complex.  Nuclear  extracts  were  derived 
from  quiescent  EC-1  cells  (0  h)  and  cells  stimulated  with  serum  for  4 
and  20  h,  as  well  as  from  constitutively  growing  (c)  cultures. 
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FIG.  7.  Mobility- shift  analysis  of  PAI-1  deoxyoligonucleotide 
probes  containing  wild- type  and  mutant  E  box  sequences.  The  PAI-1 
consensus  E  box  motif  (CACGTG)  in  the  template  plasmid  was 
mutated  to  TCCGTG  by  site-directed  mutagenesis  (A);  this  base 
change  inhibited  formation  of  the  prominent  consensus  E  box-depen¬ 
dent  band  shift  (as  in  Fig.  4A).  Gel-retardation  assays,  using  con¬ 
sensus  (CACGTG)  and  mutant  (TCCGTG)  E  box  deoxyoligonucleo¬ 
tide  probes  (Materials  and  Methods),  confirmed  that  this  E  box 
mutation  abrogated  binding  of  E  box- specific  nuclear  factors  from 
EC-1  cells  (B). 


otide  bearing  the  same  PAI-1  E  box  sequence  substitu¬ 
tions  (PAI-1  mutant  E  box  construct  2;  TCCGTG)  as  in 
the  PCR-generated  fragment  was  used  in  confirmatory 
mobility-shift  assays.  While  the  wild-type  PAI-1  E  box 
probe  produced  the  expected  band-retardation  pattern, 
the  mutant  PAI-1  E  box  construct  failed  to  bind  nu¬ 
clear  factors  indicating  that  the  CACGTG  — >  TCCGTG 
base  change  was  not  permissive  for  complex  formation 
(Fig.  7B). 

The  mutation  CACGTG  -»  TCCGTG  was  also  incor¬ 
porated  into  rPAI-CAT(-764),  a  reporter  construct 
containing  764  bp  of  PAI-1  genomic  5'  flanking  se¬ 
quence  (including  the  E  box  at  nucleotides  -160  to 
—  165)  cloned  upstream  of  a  CAT  gene.  To  assess  the 
functional  consequences  of  this  sequence  change,  EC-1 
cells  were  transfected  with  either  the  wild-type  or  mu¬ 
tant  reporter  plasmids.  Transfect  ants  were  grown  in 
DMEM  containing  10%  FBS  for  24  h  prior  to  assess¬ 
ment  of  CAT  activity.  This  mutation  reduced  CAT  ac¬ 
tivity  in  transfected  cells  by  74%  compared  to  CAT 
levels  driven  by  the  wild-type  PAI-1  promoter  (Fig.  8). 
The  difference  in  CAT  expression  between  wild-type 
and  mutant  rPAI-CAT(-764)  transfectants  was  highly 
significant  (P  <  0.001),  indicating  that  an  intact  E  box 
is  necessary  for  serum-regulated  PAI-1  promoter  func¬ 
tion  in  the  EC-1  cell  line. 

DISCUSSION 

The  rapid  kinetics  of  PAI-1  undersurface  deposition 
following  mitogenic  stimulation  of  EC-1  cells  [17,  18] 
and  short  matrix-associated  half-life  [32]  suggest  that 
this  protein  may  influence  cellular  adhesive  character¬ 


istics  for  a  specified  duration  within  the  context  of 
“activated”  cell  growth  [12].  Assessment  of  Gi  transit 
(using  [3H]  thymidine  autoradiography  to  delineate  on¬ 
set  of  the  S  phase),  moreover,  indicated  that  maximal 
PAI-1  transcript  levels  are  restricted  to  approximately 
mid-Gx  and  decline  prior  to  entrance  into  the  DNA 
synthetic  phase  [15,  18,  33].  Cell  cycle  phase-associ¬ 
ated  transcriptional  controls,  thus,  appear  to  be  super¬ 
imposed  on  this  growth  state-dependent  program  of 
PAI-1  gene  regulation  following  exit  from  G0  [15]. 
While  the  specific  signals  for  PAI-1  promoter  activation 
during  the  G0-Gi  transition  are  unknown,  the  E  box  at 
nucleotides  —165  to  —160  in  the  PAI-1  5'  flanking 
genomic  region  is  footprinted  in  constitutively  growing 
HTC  cells  [29]  and,  at  least  in  EC-1  cells,  one  such 
binding  protein  is  USF-1. 

First  described  as  bHLHZ  Zraras-activators  of  adeno¬ 
virus  major-late  promoter  expression  via  an  upstream 
E  box  motif  (CACGTG)  [34,  35],  the  bHLHZ  proteins 
USF-1  and  USF-2  influence  expression  of  several  cel¬ 
lular  genes  (e.g.,  y-fibrinogen,  class  1  alcohol  dehydro¬ 
genase,  cyclin  Dl,  p53,  and  human  PAI-1)  [36].  These 
factors  appear  to  have  a  complex  mode  of  action  and 
likely  facilitate  TFII-D  binding  to  the  TATA  box  [34, 
37].  While  USF  may  also  stimulate  Inr-dependent 
transcription  by  stabilizing  the  TFII-I  preinitiation 
complex  [38,  39],  the  MYC  protein  negatively  influ¬ 
ences  Inr-mediated  transcriptional  responses  by  se¬ 
questering  TFII-I  [40].  Depending  upon  the  precise 
promoter  configuration  (TATA  box,  Inr,  and/or  an  E 
box  motif),  the  availability  of  specific  bHLHZ  transcrip¬ 
tion  factors  with  E  box  recognition  domains  (e.g.,  USF 
and  MYC),  and  elements  composing  the  preinitiation 
complex,  therefore,  the  effects  on  PAI-1  transcription 


°  CACGTG  TCCGTG 


FIG.  8.  Functional  analysis  of  PAI-1  promoter  fragments  con¬ 
taining  a  wild-type  or  mutant  E  box  at  nucleotides  -160  to  -165. 
The  PAI-1  consensus  E  box  motif  (CACGTG)  in  rPAI-CAT(-764)  was 
mutated  to  TCCGTG.  Following  transient  transfection  of  wild-type 
and  mutant  expression  vectors  into  EC-1  cells,  CAT  reporter  activity 
in  growing  cells  was  assessed  by  thin-layer  chromatography  and 
normalized  to  transfection  efficiency.  CAT  levels  driven  by  the  wild- 
type  E  box  promoter  were  significantly  greater  (3.6-fold)  than  that 
derived  from  the  plasmid  bearing  a  mutant  E  box  (P  <  0.001; 
two-tailed  Student  t  test). 
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may  be  different  (activation  vs  repression)  [41-43].  In 
fact,  while  USF  is  traditionally  thought  of  as  a  stimu¬ 
latory  transcription  factor,  in  several  systems  USF-1 
and  2  have  repressive  or  negative  regulatory  effects 
[44,  45].  Such  inhibition  appears  due  to  direct  interfer¬ 
ence  with  the  cellular  activator  TFE3  [45].  Indeed, 
these  data  are  consistent  with  the  suggestion  that  USF 
does  not  have  an  efficient  £rans-activating  domain  and 
that  displacement  of  a  strong  activator  by  USF  down- 
regulates  gene  expression  [45].  Since  USF-1  effectively 
converts  the  transcription  factor  VP16  from  a  repressor 
into  an  activator,  E  box  occupancy  by  USF  may  also 
facilitate  the  recruitment  of  other  transcriptional  reg¬ 
ulatory  proteins  to  the  site  in  addition  to  functioning 
independently  to  £rans-activate.  Clearly,  such  effects 
may  be  inhibitory  as  well  as  stimulatory  [46]  and  ap¬ 
pear  to  involve  direct  protein-protein  interactions  (e.g., 
sequestration  of  Fral  by  USF  resulting  in  transcrip¬ 
tional  repression;  formation  of  USF-2/Fos  dimers  [46, 
47]).  The  changing  dynamics  of  such  interactions  at  the 
USF- 1-bound  PAI-1  E  box  may  well  influence  the 
growth  state-dependent  kinetics  of  PAI-1  expression  in 
serum-stimulated  EC-1  cells. 

USF  dimers  as  well  as  MYC/MAX  heterodimers  rec¬ 
ognize  the  same  intronic  E  box  motif  within  the  p53 
gene  [48].  Supershift  and  immunodepletion  studies 
suggest,  however,  that  MYC  may  not  be  part  of  the 
protein  complex  bound  to  the  PAI-1  E  box,  at  least  in 
constitutively  growing  cells.  Mobility-shift  data  addi¬ 
tionally  suggest  that  the  PAI-1  E  box  is  not  occupied  by 
USF-l-containing  complexes,  or  USF-1  is  not  a  prom¬ 
inent  E  box-binding  factor,  in  quiescent  cells.  The  E 
box  site  is  bound  by  USF-1,  however,  at  late  stages  of 
proliferative  activation  (i.e.,  at  20  h  postserum  addi¬ 
tion)  as  well  as  in  exponentially  growing  cells.  At  20  h 
after  initial  re-entry  of  previously  quiescent  cells  into 
the  division  cycle,  as  well  as  in  asynchronously  prolif¬ 
erating  cultures,  the  levels  of  PAI-1  gene  transcription 
and  steady-state  mRNA  abundance  are  low  relative  to 
4  h  FBS-stimulated  cells.  When  viewed  in  the  specific 
context  of  serum-mediated  cell  growth  activation,  thus, 
USF-1  may  function  as  a  modulator  of  PAI-1  expres¬ 
sion  via  the  E  box  motif  rather  than  to  upregulate 
expression  in  response  to  serum  stimulation.  Identifi¬ 
cation  of  USF-1  as  an  E  box-bound  species  does  not 
resolve  this  issue  as  overexpression  of  USF-1  or  USF-2 
as  homodimers  effectively  repressed  rRNA  transcrip¬ 
tion  in  CHO  cells  whereas  USF-l/USF-2  heterodimeric 
complexes  served  to  fr^ms-activate  [49],  Clarification  of 
E  box  involvement  in  transcriptional  regulation  of  the 
PAI-1  gene  during  the  early  stages  of  growth  stimula¬ 
tion  (i.e.,  during  the  G0  — >  Gx  transition),  therefore,  will 
necessitate  identification  of  additional  E  box-binding 
protein  species  in  quiescent  and  early  (4  h)  FBS-stim- 
ulated  cells.  The  E  box  is  clearly  involved  in  the  regu¬ 
lation  of  PAI-1  promoter  function  in  growing  EC-1 


cells,  however,  and  the  same  mutation  that  effectively 
reduces  (by  74%)  CAT  reporter  activity  in  cycling  pop¬ 
ulations  abrogates  complex  formation  between  USF-1 
and  PAI-1  E  box-specific  DNA  probes. 

Supported  by  NIH  Grants  DK46272  (P.J.H.),  CA22729  (T.D.G.), 
and  AG12690  (C.B.)  and  U.S.  Army  Grant  DAMD17-98-1-8015 
(P.J.H.). 
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PAM  Gene  Expression  Is  Regionally  Induced 
in  Wounded  Epithelial  Cell  Monolayers  and 
Required  for  Injury  Repair 

KIRWIN  M.  PROVIDENCE,1  STACIE  M.  KUTZ,1  LISA  STA1ANO-COICO,2 
and  PAUL  J.  HIGGINS1* 

1  Cell  &  Molecular  Biology  Program ,  Albany  Medical  College »,  Albany ,  New  York 
2  Department  of  Surgery,  Weill  Medical  College  of  Cornell  University , 

New  York ,  New  York 

Induced  expression  of  plasminogen  activator  inhibitor  type-1  (PAM),  a  major 
negative  regulator  of  pericellular  plasmin  generation,  accompanies  wound  repair 
in  vitro  and  in  vivo.  Since  transcriptional  control  of  the  PAM  gene  is  superim¬ 
posed  on  a  growth  state- depen  dent  program  of  cel!  activation  (Kutz  et  al.,  1997, 

J  Cell  Physiol  170:8-18),  it  was  important  to  define  potentially  functional  rela¬ 
tionships  between  PAM  synthesis  and  subpopulations  of  cells  that  emerge  during 
the  process  of  injury  repair  in  T2  renal  epithelial  cells.  Specific  cohorts  of 
migratory  and  proliferating  cells  induced  in  response  to  monolayer  trauma  were 
spatially  as  well  as  temporally  distinct.  Migrating  cells  did  not  divide  in  the  initial 
12  to  20  h  postinjury.  After  24  h,  S-phase  cells  were  generally  restricted  to  a 
region  1  to  2  mm  from,  and  parallel  to,  the  wound  edge.  Proliferation  of  wound 
bed  cells  occurred  subsequent  to  wound  closure,  whereas  the  distal  contact- 
inhibited  monolayer  remained  generally  quiescent.  Hydroxyurea  blockade  indi¬ 
cated,  however,  that  proliferation  (most  likely  of  cells  immediately  behind  the 
motile  "tongue")  was  necessary  for  maintenance  of  cell-to-cell  cohesiveness  in 
the  advancing  front,  although  the  ability  to  migrate  was  independent  of  prolifer¬ 
ation.  PAM  mRNA  expression  was  rapidly  up-regulated  in  response  to  wounding 
with  inductive  kinetics  approximating  that  of  serum-stimulated  cultures.  Differ¬ 
ential  harvesting  of  T2  cell  subpopulations,  based  on  proximity  to  the  injury  site, 
prior  to  Northern  assessments  of  PAM  mRNA  abundance  indicated  that  PAM 
transcripts  were  restricted  to  cells  immediately  bordering  the  wound  or  actively 
migrating  and  not  expressed  by  cells  in  the  distal  contact-inhibited  monolayer 
regions.  Such  cell  location-specific  distribution  of  PAM -producing  cells  was 
confirmed  by  immunocytochemistry.  PAM  synthesis  in  cells  that  locomoted  into 
the  wound  field  continued  until  injury  closure.  Down-regulation  of  PAM  syn¬ 
thesis  and  matrix  deposition  in  renal  epithelial  cells,  stably  transfected  with  a 
PAM  antisense  expression  vector,  significantly  impaired  wound  closure.  Trans¬ 
fection  of  the  wound  repair-deficient  R/A  epithelial  line  with  a  sense  PAM 
expression  construct  restored  both  approximately  normal  levels  of  PAM  synthesis 
and  repair  ability.  These  data  indicate  that  PAM  induction  is  an  early  event  in 
creation  of  the  wound-activated  phenotype  and  appears  to  participate  in  the 
regulation  of  renal  epithelial  cell  motility  during  in  vitro  injury  resolution. 

J.  Cell.  Physiol.  182:269-280,  2000.  ©  2000  Wiley-Liss,  Inc. 


Extracellular  matrix  (ECM)  restructuring  following 
tissue  injury  is  regulated  (both  temporally  and  spa¬ 
tially)  by  the  plasmin-based  pericellular  proteolytic 
cascade  and  by  members  of  the  metalloproteinase  fam¬ 
ily  (Dano  et  al.,  1985;  Laiho  and  Keski-Oja,  1989; 
Pilcher  et  al.,  1997;  Pollanen  et  al.,  1991).  Recent  in 
situ  and  genetic  analyses  of  the  repair  process  suggest 
that  the  migratory,  proliferative,  and  ECM  remodeling 
stages  of  in  vivo  wound  healing  are  dependent,  to  a 
significant  extent,  on  plasminogen  activation  (i.e.,  the 
conversion  of  plasminogen  to  the  active  broad-spec¬ 
trum  protease  plasmin  by  urokinase  plasminogen  acti¬ 
vator  [uPA])  (Pollanen  et  al.,  1987, 1991;  Schafer  et  al., 


1994;  Okada  et  al.,  1995;  Pappot  et  al.,  1995;  Jensen 
and  Lavker,  1996;  Romer  et  al.,  1996;  Carmeliet  et  al., 
1997;  Hasenstab  et  al.,  1997;  Carmeliet  and  Collen, 
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1998).  Studies  in  mice  genetically  engineered  to  be 
deficient  in  one  or  more  elements  in  the  plasmin  acti¬ 
vation  cascade,  for  example,  have  confirmed  the  impor¬ 
tance  of  uPA  and  plasmin  in  cell  migration  at  specific 
injury  sites  (e.g.,  Romer  et  al.,  1996;  Carmeliet  et  al., 
1997).  Plasminogen  activator  inhibitor  type-1  (PAI-1) 
functions  in  this  process  to  negatively  regulate  plasmin 
generation  by  complexing  with  and  inhibiting  the  cat¬ 
alytic  activity  of  free  as  well  as  receptor-bound  uPA 
(e.g.,  Ellis  et  al.,  1990;  Laiho  and  Keski-Oja,  1989) 
modulating,  thereby,  uPA-dependent  motility  in  vivo 
(Carmeliet  and  Collen,  1995;  Carmeliet  et  al.,  1997). 
Indeed,  it  appears  that  various  aspects  of  an  efficient 
response  to  trauma,  including  the  growth  factor- de¬ 
pendent  recruitment  of  endothelial  cells  into  the 
wound  field  (Sato  and  Rifkin,  1988),  require  precise 
control  over  both  the  expression  and  localization  of 
particular  proteases  and  protease  inhibitors  (An- 
dreasen  et  al.,  1997;  Pepper  et  al.,  1993). 

Cell  type-specific  synthesis  and  subcellular  target¬ 
ing  of  PAI-1  and  uPA  appear  to  be  important  consider¬ 
ations  in  the  modulation  of  the  pericellular  proteolytic 
balance.  Following  injury,  uPA  and  PAI-1  are  initially 
produced  by  cells  immediately  adjacent  to  the  wound 
edge  in  vivo  as  well  as  in  vitro  (Romer  et  al.,  1991; 
Pawar  et  al.,  1995;  Reidy  et  al.,  1995;  Staiano-Coico  et 
al.,  1996;  Carmeliet  et  al.,  1997),  where  PAI-1  is  likely 
stabilized  in  an  active  conformation  with  ECM-associ- 
ated  vitronectin  (Declerck  et  al.,  1988;  Mimuro  and 
Loskutoff,  1989a, b;  Seiffert  et  al.,  1990;  Vassalli  et  al., 
1991).  Temporal  changes  in  the  expression,  localiza¬ 
tion,  and/or  relative  activity  levels  of  this  protease/ 
inhibitor  pair  may  influence  cell  migration  either  as  a 
direct  consequence  of  ECM  barrier  proteolysis  or  by 
modulating  cellular  adhesive  interactions  with  the 
ECM  (Ciambrone  and  McKeown-Longo,  1990;  Blasi, 
1996,  1997;  Jensen  and  Lavker,  1996;  Carmeliet  et  al., 
1997).  Furthermore,  recent  findings  indicate  that 
PAI-1,  specific  integrins,  and  uPA  function  coordi¬ 
nate^  to  influence  adhesive  events  important  in  the 
control  of  cell  movement  (Carmeliet  and  Collen,  1995, 
1996;  Stefansson  and  Lawrence,  1996;  Blasi,  1997; 
Waltz  et  al.,  1997). 

Proliferation  is  also  an  essential,  albeit  presumed 
independent,  component  in  the  closure  of  epithelial 
monolayer  wounds  (Pawar  et  al.,  1995).  The  exact  re¬ 
lationship  between  regenerative  growth  and  trauma 
repair,  however,  remains  to  be  defined  (Jensen  and 
Lavker,  1996;  Zahm  et  al.,  1997).  Within  the  setting  of 
induced  cellular  proliferation  and  migration,  stimu¬ 
lated  expression  of  PAI-1  appears  associated  with  both 
processes  (e.g.,  Bade  and  Feindler,  1988;  Pepper  et  al., 
1992;  Thornton  et  al.,  1994;  Ryan  et  al.,  1996;  Kutz  et 
al.,  1997).  Transcriptional  regulation  of  the  PAI-1  gene, 
moreover,  is  superimposed  on  a  growth  state- depen¬ 
dent  program,  which  culminates  in  a  proliferative  re¬ 
sponse  (Ryan  et  al.,  1996;  Kutz  et  al.,  1997).  Kinetic 
assessments  indicate  that  PAI-1  transcription  and 
mRNA  expression,  similar  to  that  of  uPA  (Grimaldi  et 
al.,  1986),  occur  early  and  in  immediate-early  response 
(IER)  fashion  on  addition  of  serum  to  quiescent  cells 
(Ryan  and  Higgins,  1993;  Ryan  et  al.,  1996;  Uno  et  al., 
1997),  thereby  mimicking  regenerative  events  in  vivo 
(Schneiderman  et  al.,  1993;  Thornton  et  al.,  1994).  The 
PAI-1  gene,  however,  exhibits  a  complex  mode  of  reg¬ 


ulation  on  entry  of  G0-arrested  cells  into  a  cycling  G1 
condition  (Ryan  et  al.,  1996).  Serum-induced  PAI-1 
transcription  is  maximal  in  mid-Gx  and  declines 
abruptly  prior  to  the  onset  of  DNA  synthesis  (White  et 
al.,  1999).  The  amplitude  as  well  as  maintenance  of 
expression  through  mid-Gx  phase  is  anchorage  respon¬ 
sive  and  this  latter  adhesion-dependent  requirement, 
unlike  initial  induction,  involves  secondary  (i.e.,  pro¬ 
tein  synthesis- dependent)  transcriptional-level  events 
(Ryan  et  al.,  1996).  These  data  provided  for  a  model  of 
PAI-1  gene  control  in  serum-stimulated  cells,  which 
incorporates  both  IER  and  secondary  regulatory  influ¬ 
ences  within  an  “activated”  Gx  state  (Kutz  et  al.,  1997; 
Mu  et  al.,  1998).  Such  fine  control  over  the  kinetics  of 
PAI-1  expression  appears  to  be  one  modulating  aspect 
in  the  complexity  of  Gx  progression.  In  this  regard, 
PAI-1  may  regulate  cell-to-substrate  adhesion  (a  nec¬ 
essary  prerequisite  for  Gx/S  transition  [Guadagno  and 
Assoian,  1991;  Guadagno  et  al.,  1993])  or  cell  shape 
(and  shape-dependent  metabolic  pathways  [e.g.,  Hig¬ 
gins  et  al.,  1994;  Hawks  and  Higgins,  1998])  by  directly 
influencing  the  immediate  pericellular  proteolytic  mi¬ 
croenvironment  (Laiho  and  Keski-Oja,  1989).  PAI-1- 
dependent  ECM  stabilization,  moreover,  may  indi¬ 
rectly  facilitate  the  formation  of  cell-ECM  interactions 
necessary  for  cellular  adhesion  and/or  migration  (e.g., 
Planus  et  al.,  1997). 

Such  in  vitro  observations,  in  fact,  do  have  in  vivo 
correlates.  The  morphology  of  the  flattened  regenerat¬ 
ing  renal  epithelium,  for  example,  is  dramatically  dif¬ 
ferent  from  the  normally  quiescent  highly  polarized 
tubular  cell  (e.g.,  Wallin  et  al.,  1992)  and  PAI-1  expres¬ 
sion  occurs  specifically  in  regenerating  proximal  tubu¬ 
lar  cells  following  ischemia-reperfusion  renal  injury 
(Basile  et  al.,  1998),  suggesting  a  functional  role  in 
tissue  repair.  Clearly,  the  association  between  the  ac¬ 
tivated  phenotype  and  targeted  accumulation  of  PAI-1 
in  the  cellular  undersurface  in  close  proximity  to  newly 
formed  focal  adhesions  is  consistent  with  this  function 
(Kutz  et  al.,  1997).  The  time  course  of  induced  PAI-1 
expression  and  the  involvement  of  the  PAI-l-synthe- 
sizing  cellular  cohort  in  the  response  to  injury,  how¬ 
ever,  are  poorly  understood.  It  is  important,  therefore, 
to  clarify  the  kinetics  of  PAI-1  expression  with  regard 
to  the  emergence  of  specific  cell  subpopulations  (i.e., 
migratory,  proliferating)  involved  in  repair  growth  and 
to  assess  the  role  of  this  protease  inhibitor  in  the  re¬ 
generative  process. 

MATERIALS  AND  METHODS 
Cell  lines  and  in  vitro  repair  assay 

The  independent  clonal  isolates  (EC-1  and  T2),  de¬ 
rived  from  an  early-passage  culture  of  normal  rat  kid¬ 
ney  (NRK)  epithelial  cells  (Ryan  and  Higgins,  1993), 
were  maintained  in  DMEM  medium  supplemented 
with  10%  (v/v)  fetal  bovine  serum  (FBS)  (DMEM/10). 
Cells  were  grown  to  confluency  and  the  media  changed 
to  fresh  DMEM/10  for  maintenance  in  a  postconfluent 
condition  for  an  additional  3  days.  Alternatively,  con¬ 
fluent  cultures  were  maintained  in  serum-free  DMEM 
for  3  days  to  initiate  a  contact-inhibited/serum-depri- 
vation  state  of  growth  arrest.  Wounds  were  created  by 
pushing  the  narrow  end  of  a  sterile  P1000  plastic  pi¬ 
pette  tip  (Continental  Laboratory  Products,  San  Diego, 
CA)  through  the  monolayer.  Cultures  were  incubated 
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in  the  existing  media  for  times  indicated  in  the  text. 
Wound  closure  was  assessed  by  time-lapse  photomi¬ 
croscopy  and  injury  repair  rates  calculated,  as  a  func¬ 
tion  of  time,  from  measurements  made  utilizing  an 
inverted  microscope  fitted  with  a  calibrated  ocular  grid. 

Growth  “activation”  of  cells  arrested  in 
serum-deficient  medium 

The  growth  medium  in  low-density  150-mm  dish  cul¬ 
tures  was  aspirated,  the  cells  rinsed  twice  in  Hanks’ 
balanced  salt  solution  (HBSS)  (1.3  mM  CaCl2,  5  mM 
KC1,  0.3  mM  KH2P04,  0.5  mM  MgCl2  •  6H20,  0.4  mM 
MgS04  •  7H20,  0.14  M  NaCl,  4  mM  NaHC03,  0.3  mM 
Na2HP04,  5.6  mM  glucose),  and  serum-free  DMEM 
added  (which  initiates  a  rapid  G0  arrest  of  NRK  cells; 
Kutz  et  al.,  1997).  After  3  days,  cultures  were  left 
untreated  or  exposed  to  actinomycin  D  (5  |ag/ml),  pu- 
romycin  (20  and  100  fig/ ml),  or  genistein  (50  and  100 
fiM)  for  30  min  prior  to,  and  during,  stimulation  with 
FBS  (added  directly  to  the  quiescence  maintenance 
medium  to  a  final  concentration  of  20%).  Cells  were 
harvested  for  analysis  of  PAI-1  transcripts  (described 
later)  at  times  indicated  in  the  text. 

RNA  analysis  of  cell  subpopulations 

Cells  immediately  adjacent  to  the  wound  (termed 
edge-isolates)  were  harvested  by  pushing  the  blunt 
(wide)  end  of  a  P1000  plastic  pipette  tip  along  the 
existing  wound  tract,  displacing  cells  directly  at,  and  5 
mm  from,  the  wound  edge;  such  scrape-released  cells 
were  subsequently  collected  by  centrifugation  at 
1400  X  g.  Cells  located  between  10  and  40  mm  from  the 
wound  border  (i.e.,  in  the  intact  monolayer  regions) 
were  collected  in  the  same  manner  and  termed  mono- 
layer -isolates.  In  some  cases,  the  entire  culture  popu¬ 
lation  was  harvested  with  a  cell  scraper  {total  dish— 
isolates).  Cellular  RNA  was  extracted  (Kutz  et  al., 
1997)  and  denatured  by  incubation  at  55°C  for  15  min 
in  IX  MOPS,  6.5%  formaldehyde,  and  50%  formamide 
prior  to  electrophoresis  (10  |xg  RNA/lane)  on  agarose/ 
formaldehyde  gels  (1.2%  agarose,  1.1%  formaldehyde, 
IX  MOPS,  pH  8.0)  for  3  h  at  70  V  in  IX  MOPS.  Frac¬ 
tionated  RNA  was  transferred  to  positively  charged 
nylon  membranes  via  downward  capillary  action  using 
the  turboblotter  system  (Schleicher  &  Schuell,  Keene, 
NH)  and  UV  crosslinked.  Hybridization  with  [32P]- 
dCTP-labeled  cDNA  probes  to  rat  PAI-1  and  mouse 
A50  was  as  described  (Ryan  et  al.,  1996).  Blots  were 
exposed  to  X-OMAT  AR-5  film  (Kodak,  Rochester,  NY) 
or  analyzed  with  a  Storm  Phosphorlmager  (Molecular 
Dynamics,  Sunnyvale,  CA)  for  visualization  and  quan¬ 
titation  of  mRNA  species. 

Immunocytochemistry 

Cultures  were  washed  twice  in  Ca2+/Mg2+  free  phos¬ 
phate-buffered  saline  (CMF-PBS;  2.7  mM  KC1,  1.2 
mM  KH2P04,  0.14  M  NaCl,  8.1  mM  Na2HP04  •  7H20) 
and  fixed  for  10  min  at  room  temperature  in  10%  for- 
malin/CMF-PBS.  Following  permeabilization  with  cold 
(4°C)  0.5%  Triton  X-100/CMF-PBS  for  10  min  at  4°C, 
cells  were  washed  three  times  (5  min  each)  with  CMF- 
PBS  prior  to  incubation  (3  h  at  room  temperature)  with 
rabbit  antibodies  to  rat  PAI-1  (Kutz  et  al.,  1997)  di¬ 
luted  in  BSA  (3  mg/ml)/CMF-PBS.  After  three  CMF- 
PBS  washes,  cells  were  incubated  with  fluorescein- 


conjugated  goat  anti-rabbit  IgG  (Chemicon,  Temecula, 
CA;  diluted  1:20  in  BSA/CMF-PBS)  for  30  min  at  37°C, 
washed,  and  coverslips  mounted  with  100  mM  n-pro- 
pygalate  in  50%  glycerol/CMF-PBS.  Where  indicated,  4 
fxM  monensin  (Sigma,  St.  Louis,  MO)  was  added  to 
wounded  monolayers  prior  to  fixation.  For  identifica¬ 
tion  of  DNA-synthesizing  cells,  5-bromo-2'-deoxyuri- 
dine  (BrdU)  (200  |xmol/l  final  concentration)  was  added 
to  cultures  at  time  of  wounding.  The  number  and  loca¬ 
tion  of  cells  that  incorporated  the  analogue  (S-phase 
cells)  were  assessed  by  indirect  immunofluorescence, 
using  monoclonal  antibodies  to  BrdU  (Mu  et  al.,  1998). 

Construction  and  transfection  of  sense  and 

antisense  PAI-1  expression  vector 

pBluescript,  containing  a  full-length  rat  PAI-1  cDNA 
(Higgins  and  Ryan,  1992),  was  digested  with  EcoRl  and 
Hindlll  to  generate  a  2.6-kb  insert  (representing  nu¬ 
cleotides  -118  to  +2572  relative  to  the  start  site  of 
transcription).  Agarose  gel-purified  DNA  was  blunt- 
ended  with  Klenow  fragment/dNTPs  using  a  fill-in  re¬ 
action.  Notl  linkers  were  ligated,  the  fragments  di¬ 
gested  with  Notl,  and  purified  by  agarose  gel 
electrophoresis.  Flanked  inserts  were  ligated  to  Notl - 
digested  calf  intestinal  phosphatase-treated  gel-puri¬ 
fied  Rc/CMV  expression  vector  DNA  and  subsequently 
transformed  into  competent  INVaF'  E.  coli.  Plasmid 
DNA  was  isolated  from  ampicillin-resistant  colonies; 
restriction  endonuclease  digestion  and  Southern  blot 
analysis,  using  a  726-bp  Ps/I/Apal-digested  cDNA  frag¬ 
ment  as  a  probe,  confirmed  sense  (Rc/CMVPAI)  and 
antisense  (Rc/CMVIAP)  insert  orientation  (Higgins  et 
al.,  1997).  Insert  template  activity  was  assessed  in 
vitro  for  both  constructs  using  T7  polymerase  to  initi¬ 
ate  PAI-1  antisense  and  sense  transcripts  (confirmed 
by  hybridization  analysis  and  coupled  STP3  transcrip¬ 
tion-translation  [Novagen]/Western  blotting,  respec¬ 
tively).  Cells  were  transfected  with  20  fig  of  plasmid 
DNA  using  the  calcium  phosphate  technique  (Higgins 
et  al.,  1991).  Stable  transfectants  were  selected  with 
G418  (150  |ig/ml),  and  resistant  clones  were  isolated 
and  expanded  in  growth  medium  containing  G418. 
Since  T2  cells  were  highly  resistant  to  G418,  stable 
antisense-expressing  clones  were  derived  using  the 
EC-1  line. 

Metabolic  labeling,  cell  extraction, 
and  gel  electrophoresis 

Cells  were  washed  with  HBSS,  then  labeled  in  se- 
rum-/methionine-free  RPMI  1640  medium  containing 
50  (iCi  [35S]  methionine/ml  (specific  activity  =  1100 
Ci/mmol)  (Ryan  and  Higgins,  1993).  The  conditioned 
labeling  medium  was  aspirated  and  monolayers 
washed  with  CMF-PBS  prior  to  extraction  with  0.2% 
(w/v)  saponin  in  CMF-PBS  to  isolate  cell-substratum 
contact  regions  and  associated  undersurface  proteins 
(Higgins  et  al.,  1990,  1991).  Saponin-resistant  (SAP 
fraction)  residues  were  scraped  into  sample  buffer  (50 
mM  Tris/HCl,  pH  6.8, 10%  glycerol,  1%  SDS,  1%  2-mer- 
captoethanol)  and  boiled.  For  electrophoresis,  25,000 
cpm  trichloroacetic  acid-insoluble  SAP-fraction  pro¬ 
tein  were  separated  on  SDS/9%  acrylamide  slab  gels 
(Ryan  and  Higgins,  1988).  Labeled  protein  bands  were 
visualized  by  fluorography  and  quantified  by  comput¬ 
erized  densitometry  (Smith  et  al.,  1992).  Identification 
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TABLE  1.  Kinetics  of  wound  closure  in  scrape-injured 
T2  cell  monolayers 


Hours 

postwounding1 

Wound  width2 

%  Injury 
repair 

Closure 

rate3 

0 

9.68  ±  0.20 

0 

_ 

2 

9.21  ±  0.22 

4.8 

2.4 

4 

8.66  ±  0.29 

10.5 

2.6 

6 

8.35  ±  0.33 

13.7 

2.3 

9 

7.23  ±  0.39 

25.3 

2.8 

12 

6.32  ±  0.43 

34.0 

2.8 

21 

3.97  ±  0.51 

58.9 

2.8 

26 

2.18  ±  0.58 

77.0 

2.9 

30 

1.62  ±  0.45 

83.3 

2.8 

36 

0 

100 

— 

:A  contact-inhibited  monolayer  of  T2  cells  was  scrape-wounded  and  the  extent  of 
injury  repair  (measured  by  a  calibrated  ocular  grid  and  expressed  as  percent 
closure)  plotted  as  a  function  of  time  postinjury. 

2Width  of  the  remaining  unhealed  region  was  measured  in  arbitrary  units  with 
a  calibrated  ocular  grid.  Data  represent  the  mean  ±  SD  of  10  individual  assess¬ 
ments. 

„  mean  %  repair 

^Closure  rate  =  rr 

time  (h)  postwounding 


of  the  rat  PAI-1  protein  in  one-dimensional  electro¬ 
phoretic  separations  utilized  criteria  described  previ¬ 
ously  (Higgins  et  al.,  1989,  1990)  as  well  as  by  immu¬ 
nochemical  reactivity  with  PAI- 1-specific  antibodies 
(Higgins  et  al.,  1990). 

RESULTS 

Kinetics  of  the  repair  response 

Cellular  movement  into  the  wound  “bed”  occurred 
relatively  quickly  (i.e.,  within  1  h  after  monolayer 
scraping).  Trauma  site  closure  proceeded  at  a  constant 
rate  and  was  complete  by  30  to  36  h  after  injury  in  this 
model  (Table  1).  Time-lapse  videomicroscopy  and  ex¬ 
amination  of  fixed,  acridine  orange-stained,  T2  cell  cul¬ 
tures  confirmed  that  relatively  close  cell-to-cell  contact 
in  the  migrating  tongues,  as  well  as  within  the  distal 
monolayer  regions,  was  maintained  throughout  the  re¬ 
pair  process  (i.e.,  solitary  migratory  cells  did  not  enter 
the  denuded  zone;  see  later  discussion).  An  absence  of 
mitotic  cells  in  the  migratory  cohort  was  also  apparent 
in  the  time-lapse  assessments,  suggesting  that  the  mo¬ 
bile  population  does  not  divide  (at  least  during  the 
initial  12  to  20  h  after  wounding).  Mitotic  cells  were 
evident,  however,  in  regions  of  the  monolayer  approx¬ 
imately  1  to  2  mm  from,  and  parallel  to,  the  edge  of  the 
original  scrape  injury  (at  24  h  after  wounding)  and 
within  the  confines  of  the  initial  injury  site  (only  after 
the  opposing  fronts  made  contact)  but  not  in  the  distal 
monolayer. 

This  regional  compartmentalization  of  T2  cells  with 
differing  proliferative  kinetics,  moreover,  suggests  that 
a  relationship  exists  between  entry  into  the  division 
cycle  and  distance  from  the  wound.  To  assess  this  pos¬ 
sibility,  the  culture  medium  was  supplemented  with 
200  p.mol/1  BrdU  at  the  time  of  scraping  specifically  to 
identify  cells  that  enter  S  phase  in  response  to  injury. 
This  quantitative  approach,  when  applied  over  the  en¬ 
tire  time  course  of  monolayer  repair,  confirmed  that  (1) 
confluent  T2  cells  are,  in  fact,  contact  inhibited;  (2)  24  h 
postinjury,  the  majority  of  S-phase  cells  concentrate  in 
a  region  approximately  1  to  2  mm  from,  and  parallel  to, 
the  wound  edge  and  (to  a  lesser  extent)  in  some  leading 
edge  cells;  and  (3)  proliferation  of  cells  that  had  entered 


0  hrs  12  hrs  24  hrs  48  hrs 
Time  Post-Injury 


Fig.  1.  T2  cells  synthesize  DNA  as  a  function  of  their  spatial  rela¬ 
tionship  to  the  wound  site.  The  fraction  of  S-phase  cells  is  low  in 
uninjured  monolayers  or  in  scraped  cultures  at  early  times  (i.e.,  ^12 
h)  postinjury.  By  24  h  after  wounding,  most  proliferating  cells  (as 
determined  by  immunocytochemical  detection  of  BrdU  incorporation) 
occur  within  the  first  1  to  2  mm  from,  and  parallel  to,  the  wound  edge, 
although  S-phase  cells  also  begin  to  appear  at  the  leading  edge.  Cells 
in  the  distal  monolayer  (i.e.,  40  mm  from  the  injury  site)  remain 
generally  quiescent  throughout  the  repair  process.  The  fraction  of 
DNA-synthesizing  cells  in  the  distal  regions  increases  only  slightly 
(i.e.,  comprising  <10%  of  the  total  population)  after  complete  closure 
(by  approximately  36  h).  The  healed  wound  bed  population  (i.e., 
“Edge”  cells  at  the  48-h  time  point)  proliferate  vigorously  in  the 
postclosure  period.  Percent  S-phase  (BrdU-positive)  cells  was  deter¬ 
mined  by  counting  10  random  fields  representative  of  each  of  the 
indicated  culture  areas  for  three  independent  experiments;  data  plot¬ 
ted  represent  the  mean  ±  SD  of  such  assessments. 

the  wound  bed  occurs  subsequent  to  scrape  closure 
(Fig.  1).  The  presence  or  absence  of  conditioned  serum 
had  no  significant  effect  on  repair  regional  kinetics 
(i.e.,  the  rate  of  closure  differed  by  only  10  to  15%  for 
cultures  wounded  in  serum-containing  as  compared  to 
serum-free  medium). 

To  ascertain  whether  migration  alone  is  sufficient  to 
achieve  wound  closure,  T2  monolayers  were  scrape- 
injured  in  the  presence  of  0.4  mM  hydroxyurea  (HU)  to 
inhibit  ribonucleoside  diphosphate  reductase  activity 
(Krakoff  et  al.,  1968;  Wang  et  al.,  1997).  Preliminary 
experiments  indicated  that  this  concentration  of  HU 
effectively  inhibited  serum-induced  DNA  synthesis  in 
NRK  cells.  HU-treated  T2  cultures  exhibited  the  same 
initial  morphologic  response  to  wounding  as  control 
populations  (i.e.,  membrane  ruffling  and  cell  spreading 
occurred  within  30  min  of  injury  followed  by  migration 
into  the  denuded  area).  By  12  h  postinjury,  however, 
the  integrity  of  the  migrating  sheet  was  lost  in  HU- 
treated  cells;  after  24  h  (a  time  point  that  correlated 
with  a  significant  increase  in  the  fraction  of  BrdU- 
positive  cells  in  control  cultures;  e.g.,  Fig.  1),  there  was 
a  complete  HU-associated  loss  of  cell-to-cell  contact  at 
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Fig.  2.  Effects  of  hydroxyurea  (HU)  on  the  repair  response  by  T2 
cells.  In  control  wounded  monolayers,  the  migratory  tongue  advanced 
as  a  generally  uniform  sheet  of  closely  juxtaposed  cells  (A,  B,  C  -  6, 
12,  24  h,  respectively,  after  scraping).  Such  cohesion  was  lost  in 
HU-treated  cultures  (D,  E,  F  =  6,  12,  24  h,  respectively,  postinjury). 
HU-associated  loss  of  cell-to-cell  contact  was  evident  within  12  h  (E) 
and  clearly  obvious  by  24  h  (F)  postwounding;  cell  morphology  was 
unaffected  by  HU.  In  each  panel,  the  direction  of  migration  is  from  left 
to  right  into  the  denuded  zone.  For  acridine  orange  histochemistry, 
cells  were  permeabilized  in  0.08  N  HC1,  0.15  M  NaCl,  and  0.1%  Triton 
X-100  for  30  sec,  then  incubated  in  staining  buffer  (0.2  M  Na2HP04, 
0.1  M  citric  acid,  pH  6.0,  1  mM  disodium  EDTA,  0.15  M  NaCl,  6  pg 
acridine  orange/ml).  UV  light  microscopy,  X50. 


the  leading  edge  (Fig.  2).  Migratory  activity,  however, 
appeared  unaffected  by  HU,  since  cells  from  opposing, 
albeit  noncohesive,  “fronts”  made  contact  within  the 
same  time  frame  (i.e.,  30  to  36  h)  as  in  untreated 
populations.  Migration,  therefore,  occurs  indepen¬ 
dently  of  proliferation,  although  proliferation  (most 
likely  of  cells  immediately  behind  the  mobile  tongue)  is 
necessary  for  maintenance  of  monolayer  integrity  in 
the  zone  of  repair. 

Characteristics  of  induced  PAI-1  expression  in 
wound-“activated”  cultures 

The  temporally  and  spatially  distinct  phases  of  mi¬ 
gration  and  proliferation  are  associated  with  the 
wound-“activated”  phenotype  (Figs.  1  and  2).  It  was, 
therefore,  important  to  assess  whether  induced  PAI-1 
expression  was  an  element  in  this  repair  response  and, 
if  so,  to  determine  both  the  time  course  of  PAI-1  tran¬ 
script  synthesis  and  in  situ  distribution  of  PAI-1  ex¬ 
pressing  cells  relative  to  the  site  of  injury.  Similar  to 
serum-stimulation  of  quiescent  NRK  cell  cultures 
(used  for  a  kinetic  comparison;  e.g.,  Fig.  3),  wounding- 
induced  PAI-1  mRNA  transcripts  are  first  detectable  in 
total  dish-isolates  of  T2  cells  within  30  min  to  1  h  after 
monolayer  scraping  (Fig.  4).  PAI-1  mRNA  is  maximally 
expressed  between  1  and  2  h  posttrauma,  declining 
dramatically  by  14  h  (Fig.  4)  and  closely  approximating 
the  changing  transcript  abundance  typical  of  serum- 


Hours  Post-FBS  Stimulation  PUR 

0  0.25  0.5  1  2  14  ACT  20  100  GEN 


Fig.  3.  Time  course  and  metabolic  characteristics  of  serum-induced 
PAI-1  gene  expression.  Quiescent  T2  cell  cultures  were  stimulated  by 
direct  addition  of  serum  (to  a  final  concentration  of  20%);  control 
cultures  were  maintained  in  serum-free  DMEM  (time  0).  RNA  was 
isolated  at  the  times  indicated  post-FBS  addition.  For  assessment  of 
the  metabolic  requirements  of  serum-induced  PAI-1  expression,  cells 
were  pretreated  with  actinomycin  D  (ACT;  5  jxg/ml),  puromycin  (PUR; 
20  or  100  jig/ml),  or  genistein  (GEN;  100  jjlM)  prior  to  addition  of  FBS; 
RNA  was  extracted  from  inhibitor-treated  cultures  4  h  after  serum 
stimulation.  Northern  blots  were  hybridized  with  32P-labeled  PAI-1 
and  A-50  cDNA  probes  simultaneously.  PAI-1  transcriptional  activa¬ 
tion  in  response  to  serum  had  IER  characteristics  and  was  genistein- 
sensitive.  Identical  results  were  obtained  in  four  different  experi¬ 
ments. 


Hours  Post-Injury 
C  0.25  0.5  1  2  14  36  48 


Fig.  4.  Induction  of  PAI-1  in  mRNA  response  to  wounding.  Confluent 
T2  monolayers  were  scrape-wounded  and  RNA  from  total  dish-iso- 
lates  extracted  at  the  times  indicated.  Northern  blots  were  hybridized 
with  32P-labeled  PAI-1  and  A-50  cDNA  probes  simultaneously.  PAI-1 
transcripts  were  evident  as  early  as  30  min  to  1  h  after  injury, 
expression  was  maximal  at  2  h,  and  declined  to  levels  comparable  to 
quiescent  controls  by  36  h.  C  =  quiescent  nonwounded  T2  cells.  Blot 
shown  is  representative  of  three  individual  experiments. 

stimulated  cultures  (Fig.  3).  To  ascertain  specifically 
which  cells  within  injured  cultures  express  PAI-1,  RNA 
was  extracted  from  individual  edge-  and  monolayer- 
isolates  at  various  times  postscraping.  PAI-1  mRNA 
was  rapidly  induced  (by  2  h)  after  injury  in  edge-iso- 
lates,  declined  quickly  thereafter,  and  by  24  h  post¬ 
trauma  PAI-1  mRNA  levels  in  cells  at  the  injury  site 
approximated  that  of  nonwounded  controls  (Fig.  5). 
PAI-1  transcript  abundance  in  distal  monolayer-iso- 
lates,  in  contrast,  did  not  change  over  the  time  course 
of  repair,  remaining  similar  to  that  of  quiescent  cul¬ 
tures. 

In  situ  assessments  of  PAI-1  accumulation  confirmed 
the  RNA  analysis.  Consistent  with  the  Northern  blot 
data  (Figs.  4  and  5),  contact-inhibited  T2  cells  ex¬ 
pressed  only  low  levels  of  PAI-1  protein.  Continuous 
migration  into  the  denuded  area,  combined  with  the 
observation  that  the  distal  monolayer  does  not  express 
PAI-1  mRNA  (Fig.  5),  suggests  that  PAI-1  protein  syn¬ 
thesis  may  be  restricted  to  leading  edge  cells  and  cells 
proximal  to  the  site  of  injury  (i.e.,  within  the  region  of 
the  migrating  tongue).  To  address  this  issue,  monensin 
(a  Na+/K+  ionophore  that  interferes  with  several  met¬ 
abolic  functions,  including  protein  secretion  but  not 
synthesis  [Ledger  et  al.,  1980;  Uchida  et  al.,  1980])  was 
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Hours  Post-Injury 
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Fig.  5.  Regional  specificity  of  induced  PAI-1  mRNA  expression.  Con¬ 
fluent  T2  monolayers  were  wounded  and  RNA  isolated  at  various 
times  postinjury  from  cells  bordering  the  wound  edge  (E  =  edge- 
isolates)  or  in  the  distal  monolayer  region  (M  =  monolayer-isolates). 
Northern  blots  were  hybridized  with  32P-labeled  PAI-1  and  A-50 
cDNA  probes  simultaneously;  blot  shown  is  representative  of  tripli¬ 
cate  experiments.  PAI-1  transcript  expression  was  restricted  to  cells 
at  the  wound  edge.  The  time  course  of  PAI-1  induction  in  edge-isolates 
was  similar  to  that  of  total  dish-isolates  (e.g.,  Fig.  4). 


Fig.  6.  Relationship  between  PAI-1  immunoreactive  T2  cells  and  site 
of  injury.  Monensin  treatment  was  used  to  inhibit  protein  secretion  to 
maximize  the  likelihood  of  detection  of  de  novo  synthesized  PAI-1 
protein.  In  response  to  wounding,  PAI-1  protein  specifically  localizes 
to  cells  adjacent  to  the  wound  edge  with  minimal  synthesis  by  distal 
monolayer  region  cells.  (A)  nonwounded  monolayer;  (B)  edge,  4  h 
postinjury;  and  (C)  monolayer,  4  h  postinjury.  Indirect  immunofluo¬ 
rescence  microscopy,  X185. 


added  to  cultures  at  the  time  of  wounding.  Immunocy- 
tochemical  evaluation  of  monensin-treated  cultures 
confirmed  the  Northern  assessments;  de  novo  PAI-1 
protein  synthesis  occurs  primarily  by  cells  immediately 
adjacent  to  the  wound  edge  (Fig.  6).  Coincident  with 
the  wound-induced  expression  of  PAI-1  mRNA  tran¬ 
scripts  (e.g.,  Fig.  5),  and  at  every  time  point  thereafter, 
immunoreactive  PAI-1  protein  was  resolved  both  at  the 


TABLE  2.  Inhibition  of  wound  closure  by  genistein 


Serum1 

Hours 

postwounding 

Treatment2 

%  Injury 
repair3 

None 

2 

DMSO 

4.43  ±  0.62 

50  pM 

4.92  ±  0.92 

100  pM 

3.61  ±  1.69 

None 

12 

DMSO 

35.01  ±  6.37 

50  jljlM 

22.62  ±  3.33 

100  jjlM 

15.62  ±  3.34 

None 

24 

DMSO 

76.97  ±  0.83 

50  pM 

41.05  ±  6.59 

100  pM 

27.67  ±  6.19 

10% 

2 

DMSO 

4.72  ±  0.83 

50  pM 

4.18  ±  0.48 

100  pM 

3.58  ±  0.54 

10% 

12 

DMSO 

39.83  ±  2.99 

50  pM 

27.66  ±  4.38 

100  pM 

20.61  ±  3.24 

10% 

24 

DMSO 

92.27  ±  3.41 

50  pM 

61.59  ±  5.72 

100  pM 

46.89  ±  7.73 

Contact-inhibited  monolayers  (in  serum-free  or  \0r7<  FBS-containing  DMEM)  of 
T2  cells  were  scrape-wounded  and  the  extent  of  injury  repair  (measured  by  a 
calibrated  ocular  grid  and  expressed  as  percent  closure)  plotted  as  a  function  of 
time  postinjury  (as  in  Table  1). 

Cultures  were  incubated  in  DMSO  (solvent  control)  or  the  indicated  concentra¬ 
tions  of  genistein  by  direct  addition  to  the  maintenance  medium  immediately 
after  wounding. 

3Data  represent  the  mean  ±  SEM  for  three  independent  experiments. 


migrating  edge  and  within  cells  proximal  to  the  closing 
wound  bed.  PAI-1  synthesis  continues  until  wound  clo¬ 
sure  with  only  minimal  expression  in  the  distal  mono- 
layer. 

Consequences  of  PAI-1  expression  manipulation 
on  in  vitro  wound  repair 

Location-specific  induced  expression  of  PAI-1  mRNA 
and  protein  within  the  wound  field  (e.g.,  Figs.  4  to  6) 
suggested  that,  if  PAI-1  was  functionally  related  to  the 
repair  process,  inhibition  of  synthesis  by  cells  at  the 
site  of  trauma  might  affect  either  the  time  course  of 
injury  resolution  or  the  recruitment  of  cells  into  the 
denuded  zone.  Monensin  was  not  appropriate  for  this 
evaluation.  Initial  studies  indicated  that  this  drug  did 
reduce,  but  not  completely  inhibit,  PAI-1  secretion  and 
accumulation  in  the  cellular  undersurface  region. 
Thus,  monensin  was  useful  for  in  situ  studies  (e.g.,  Fig. 
6)  but  of  limited  value  for  functional  assessments.  Ad¬ 
ditional  pharmacologic  and  molecular  genetic  ap¬ 
proaches  were  designed,  therefore,  to  address  this  is¬ 
sue.  The  tyrosine  kinase  inhibitor  genistein  was 
selected  as  the  pharmacologic  agent,  since  cell  shape- 
dependent  PAI-1  transcription  (Hawks  and  Higgins, 
1989),  serum-induced  PAI-1  expression  (Fig.  3),  and 
cell  proliferation/angiogenic  responses  (Fotsis  et  al., 
1993)  are  sensitive  to  genistein  treatment.  Initial  ex¬ 
periments  indicated  that  the  time  course  of  PAI-1 
mRNA  expression  by  NRK  cells  bordering  the  wound 
margin  was  similar  to  that  of  serum-stimulated  cells 
(Figs.  5  and  6);  moreover,  PAI-1  induction  in  response 
to  serum  (e.g.,  Fig.  3)  and  scrape  injury  (data  not 
shown)  was  inhibited  by  genistein.  Genistein-mediated 
suppression  of  PAI-1  transcription  was  evident  at  con¬ 
centrations  of  inhibitor  that  effectively  reduced  migra¬ 
tion  (e.g.,  Table  2). 

A  molecular  genetic  approach  was  devised,  therefore, 
in  which  EC-1  cells  were  stably  transfected  with  an 
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Fig.  7.  Construction  of  sense  (PAI)  and  antisense  (LAP)  expression  vectors.  Cloning  of  PAI-1  cDNA 
(nucleotides  -118  to  +2572)  into  the  Notl  site  of  the  5.4-kb  Rc/CMV  vector  was  as  detailed  (Materials 
and  Methods).  Topography  of  known  restriction  sites  (P,  Ps/I;  N,  Notl;  A,  Apal)  was  used  to  assess  insert 
orientation. 


expression  vector  (Rc/CMVIAP)  bearing  a  PAI-1  cDNA 
insert  in  antisense  configuration  (Fig.  7)  to  specifically 
assess  the  relationship  between  wound-induced  PAI-1 
expression  and  cell  migration.  One  derived  line  (Rc/ 
CMVIAP-4HH)  was  selected  for  analysis  since  gel  elec¬ 
trophoresis  of  the  SAP  fraction  protein  complement 
indicated  that  the  4HH  clone  was  functionally  PAI-1 
“null”  (Fig.  8).  Injury  site  closure  by  the  4HH  derivative 
was  significantly  impaired  relative  to  EC-1  parental 
cells  and  Rc/CMV  transfectants  (Fig.  9).  Wounds  in 
4HH  monolayers  were  less  than  60%  “healed,”  even  at 
the  protracted  time  of  84  h  postscraping,  compared  to 
collaterally  evaluated  controls  for  which  more  than 
92%  repair  was  typically  achieved  within  the  30  to  36  h 
window  (Fig.  9)  and  closure  complete  by  40  h  or  less.  It 
was  not  possible  to  “rescue”  the  4HH  healing-deficient 


phenotype  by  transfection  with  the  Rc/CMVPAI  sense 
expression  vector;  surviving  clones  consisted  of  mor¬ 
phologically  aberrant  cells  and,  as  such,  were  unsuited 
for  wounding  assays.  A  previous  screen  of  NRK  cells 
(Higgins  et  al.,  1991),  however,  resulted  in  the  deriva¬ 
tion  of  one  clone  (NRK-R/A)  that  expressed  signifi¬ 
cantly  reduced  levels  of  PAI-1  compared  to  parental 
EC-1  cells  (Fig.  8).  NRK-R/A  cells  also  exhibited  a 
marked  inability  to  close  monolayer  scrape  wounds, 
although  this  phenotype  was  not  as  severe  as  in  the 
4HH  derivative  and  may  reflect  the  fact  that,  unlike 
the  4HH  clone,  NRK-R/A  cells  express  at  least  some 
PAI-1  (Fig.  8).  Transfection  of  the  NRK-R/A  line  with 
the  Rc/CMVPAI  vector  restored  both  approximately 
normal  levels  of  PAI-1  synthesis  and  wound  repair 
ability  (Fig.  10). 
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Fig.  8.  Relative  PAI-1  protein  content  in  the  saponin-resistant  frac¬ 
tion  of  control  and  transfected  NRK  cells.  Cellular  SAP  fractions 
(25,000  cpm  trichloroacetic  acid-insoluble  protein)  were  separated  on 
SDS/9%  acrylamide  slab  gels.  Bands  corresponding  to  actin  and  the 
52-kDa  PAI-1  protein  are  indicated.  Compared  to  parental  EC-1  cells 
and  insertless  vector-transfected  controls  (Rc/CMV),  de  novo  synthe¬ 
sized  PAI-1  protein  was  virtually  undetectable  in  an  antisense  PAI- 
1-expressing  derivative  (4HH).  The  R/A  isolate  (Higgins  et  al.,  1991), 
which  expresses  relatively  low  levels  of  PAI-1  protein,  is  also  included 
for  comparison.  Although  actin  and  PAI-1  are  the  predominant  pro¬ 
tein  species  resolved,  it  is  apparent  that  the  almost  complete  loss  of 
and  reduction  in  SAP  fraction  PAI-1  deposition  for  the  4HH  and  R/A 
cell  lines,  respectively,  is  highly  specific. 


DISCUSSION 

In  vitro  migration  into  scrape-denuded  areas  is  ac¬ 
complished  by  the  lateral  movement  of  surviving  cells 
across  relatively  uncomplicated  substrates  (e.g.,  Pep¬ 
per  et  al.,  1987;  Sato  and  Rifkin,  1988;  Ando  and 
Jensen,  1996)  unlike  in  vivo  transit  through  fibrin-rich 
barriers  or  a  provisional  wound  matrix  (Clark  et  al., 
1995;  Yamada  and  Clark,  1995).  Despite  these  consid¬ 
erable  physiologic  differences,  certain  commonalites 
are  evident  between  the  two  models.  Data  presented 
here  indicate  that  cohorts  of  migrating  and  proliferat¬ 
ing  T2  epithelial  cells  induced  in  response  to  monolayer 
trauma  are,  at  least  initially,  spatially  as  well  as  tem¬ 
porally  distinct.  Proliferation  is  required  to  maintain 
the  integrity  of  the  migrating  front,  although  inhibition 
of  DNA  synthesis  (with  HU)  does  not  affect  cell  motil¬ 
ity.  Similar  functional  compartmentalization  occurs  as 
part  of  the  wound  repair  response  in  vivo,  suggesting 
that  several  important  phases  of  injury  resolution  (re¬ 
gional  PAI-1  expression,  spatial/temporal  distinctions 
between  the  motile  and  proliferative  phenotypes)  (e.g., 
Romer  et  al.,  1991;  Pawar  et  al.,  1995;  Reidy  et  al., 
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Fig.  9.  Kinetics  of  monolayer  scrape  wound  repair  by  Rc/CMVIAP- 
4HH  cells  compared  to  parental  EC-1  cells  and  Rc/CMV  control  trans- 
fectants.  Confluent  monolayers  of  EC-1,  Rc/CMV,  and  Rc/CMVIAP- 
4HH  cells  were  maintained  in  serum-free  medium  for  3  days,  then 
wounded,  and  the  time  course  of  injury  repair  assessed  as  described 
(Materials  and  Methods).  Whereas  the  repair  rate  for  EC-1  and  Rc/ 
CMV  cells  was  virtually  identical,  wounds  created  in  monolayers  of 
4HH  cells  exhibited  little  migratory  activity  and  remained  open  for  as 
long  as  84  h  postinjury.  Data  represent  the  average  of  duplicate 
wound  repair  assays. 


1995;  Staiano-Coico  et  al.,  1996;  Zahm  et  al.,  1997)  are 
recapitulated  in  the  T2  epithelial  cell  system.  Migra¬ 
tion  may  be,  in  fact,  a  prerequisite  to  trauma-associ¬ 
ated  proliferation  as  the  impaired  ability  of  4HH  cells 
to  heal  monolayer  wounds  was  reflected  in  a  substan¬ 
tially  reduced  number  of  S-phase  or  mitotic  cells  in  the 
1-  to  2-mm  region  distal  to  the  site  of  injury  (data  not 
shown). 

Cycles  of  (leading  edge)  adhesion  and  (trailing  edge) 
detachment  must  be  maintained  for  cells  to  locomote 
effectively;  such  motile  cells  utilize  focal  contact-like 
structures  to  form  transient  attachments  with  the 
ECM  (e.g.,  Woods  and  Couchman,  1988).  The  levels  of 
cell  surface  uPA  and  newly  synthesized  or  matrix- 
bound  PAI-1,  therefore,  may  regulate  movement  by 
influencing  the  extent  of  disruption  of  integrin-ECM 
adhesions  (Duband  et  al.,  1991;  Okedon  et  al.,  1992; 
McGuire  and  Alexander,  1993;  Deng  et  al.,  1996;  Ste- 
fansson  and  Lawrence,  1996;  Blasi,  1997;  Chapman, 
1997).  Subcellular  targeting  of  de  novo  synthesized 
PAI-1  to  the  cellular  undersurface  in  close  proximity  to 
focal  contact  sites  (Kutz  et  al.,  1997),  moreover,  can 
influence  uPA-dependent  proteolysis  and  cell  attach¬ 
ment,  the  latter  as  a  consequence  of  interactions  be¬ 
tween  the  uPA/PAI-l/uPA  receptor  (uPAR)  system  and 
vitronectin  or  between  PAI-1  and  vitronectin/av  inte- 
grins  (Loskutoff  et  al.,  1999).  Indeed,  the  uPAR  associ¬ 
ates  with  p2/Pi  integrins,  binds  to  vitronectin  (Wei  et 
al.,  1994,  1996;  Bohuslav  et  al.,  1995;  Kanse  et  al., 
1996;  Chapman,  1997),  and  focalizes  uPA  (Wilcox  et 
al.,  1997).  Vitronectin  absorbed  from  the  medium  or 
newly  synthesized  (Underwood  et  al.,  1993)  at  the  in¬ 
jury  site  may  serve  as  the  initial  “matrix”  onto  which 
cells  adjacent  to  the  wound  can  migrate. 

Binding  of  vitronectin  to  the  uPAR,  and  the  forma¬ 
tion  of  uPAR-dependent  adhesions,  requires  uPA 
(Waltz  and  Chapman,  1994;  Wei  et  al.,  1994).  Such 
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Fig.  10.  Effect  of  vector-driven  PAI-1  expression  on  wound  repair  by 
transfectant  R/A  cells.  Coupled  in  vitro  transcription/translation  as¬ 
say  confirmed  that  PAI-1  protein  was  synthesized  using  the  Rc/CMV- 
PAI  vector  as  template.  When  the  coupled  reaction  was  complete,  the 
translation  products  were  resolved  on  a  SDS/10%  acrylamide  gel 
followed  by  immunoblotting  with  PAI-1  antibodies  (A).  Protein  stan¬ 
dards  (Std)  and  purified  PAI-1  protein  provided  internal  controls. 
Transfection  of  the  Rc/CMVPAI  plasmid  into  R/A  cells  resulted  in 
derivation  of  the  R/A-PAI  line.  Gel  electrophoresis  of  the  saponin 


fraction  of  35S-methionine-labeled  cultures  indicated  that  SAP  frac¬ 
tion  PAI-1  protein  levels  expressed  by  R/A-PAI  cells  was  greater  then 
11-fold  that  of  the  parental  R/A  line  (B).  The  time  course  of  wound 
closure  for  R/A-PAI  transfectants  was  significantly  reduced  relative  to 
R/A  cells  (C),  although  injury  repair  by  R/A  cells  (which  expressed  low 
levels  of  PAI-1  compared  to  EC-1  cells  but  more  PAI-1  than  the  4HH 
derivative;  e.g.,  panel  C  and  Fig.  8)  was  inhibited  relative  to  EC-1  cells 
and  more  effective  than  4HH  cells  (Fig.  9). 


uPAR-vitronectin  interactions  involve  the  second  and 
third  domains  of  the  receptor  and  are  stimulated  by 
pro-PA,  uPA,  and  the  isolated  A-chain  of  uPA  (An- 
dreasen  et  ah,  1997;  Blasi,  1996).  PAI-1  binds  to  the 
somatomedin  B  domain  of  vitronectin,  which  is  the 
same  region  that  interacts  with  the  uPAR  (Deng  et  al., 
1996).  The  approximately  30-fold  greater  affinity  of 
PAI-1  for  vitronectin,  as  compared  to  the  affinity  of 
vitronectin  for  uPAR,  suggests  a  mechanism  whereby 
this  SERPIN  may  effectively  dissociate  bound  vitronec¬ 
tin  from  uPAR  and  can  detach  cells  that  utilize  uPAR 
as  a  matrix  anchor  from  a  vitronectin  substrate  (Deng 
et  al.,  1996;  Loskutoff  et  ah,  1999).  Receptor-associated 
uPA/PAI-1  complexes,  moreover,  are  internalized  by 
endocytosis,  which  promotes  formation  of  a  vacant 
uPAR  on  the  cell  surface  by  either  the  internalization 
of  the  complex  alone  or  the  complex  bound  to  the  uPAR 
followed  by  receptor  recycling  (Andreasen  et  ah,  1994, 
1997;  Blasi,  1996).  The  available  uPAR  may  bind  newly 
absorbed  vitronectin,  further  supporting  adhesive  in¬ 
teractions  between  the  cell  and  the  “matrix”  to  promote 
lateral  migration  into  the  denuded  area.  Alternatively, 


PAI-1  may  directly  inhibit  av  integrin-mediated  at¬ 
tachment  to  vitronectin  by  blocking  accessibility  to  the 
RGD  sequence  located  proximal  to  the  uPAR  binding 
site  (Stefansson  and  Lawrence,  1996;  Loskutoff  et  ah, 
1999). 

Wound  healing  appears  to  be  managed  by  the  tem¬ 
poral  induction  of  genes  associated  with  the  plasmino¬ 
gen  activation  cascade,  changes  in  cellular  adhesive 
characteristics,  and  by  the  spatial  relationship  be¬ 
tween  surviving  cells  and  their  distance  from  the  in¬ 
jury  site.  Enhanced  uPA/plasmin  activity  is  important 
for  cell  invasion  through  complex  matrices  (Meissauer 
et  ah,  1991;  Kariko  et  ah,  1993;  Stahl  and  Mueller, 
1994;  Kawada  and  Umezawa,  1995;  Liu  et  ah,  1995). 
The  requirement  for  uPA  activity  to  transverse  over  a 
substratum,  however,  is  less  clear  and  may  be  cell  type 
dependent.  Although  both  keratinocytes  and  endothe¬ 
lial  cells  express  increased  levels  of  uPA  and  PAI-1  in 
response  to  monolayer  wounding,  uPA  is  apparently 
not  required  for  keratinocyte  locomotion  in  vitro, 
whereas  occupancy  of  uPAR  by  uPA,  but  not  uPA  cat¬ 
alytic  activity,  facilitates  wound-responsive  endothelial 


278 


PROVIDENCE  ET  AL. 


cell  motility  (Pepper  et  al.,  1987;  Sato  and  Rifkin, 
1988;  Okedon  et  al.,  1992;  Ando  and  Jensen,  1996). 
Present  data  indicate  that  PAI-1  expression  is  an  early 
response  to  injury  and  necessary  for  normal  rat  kid¬ 
ney-derived  epithelial  cells  to  effectively  repair  mono- 
layer  wounds.  Since  PAI-1  is  also  critical  for  invasive 
growth  (Liu  et  al.,  1995;  Bajou  et  al.,  1998),  the  func¬ 
tion  of  PAI-1  in  wound  repair  is  likely  to  be  complex. 
Whether  this  SERPIN  stimulates  or  inhibits  cell  mo¬ 
tility  is  likely  dependent  on  both  the  level  and  focaliza- 
tion  of  uPA  activity,  the  composition  of  the  ECM,  and 
the  integrin  complement  of  the  cell  (Kj oiler  et  al., 
1997). 

These  orchestrated  events  suggest  that  wounding 
may  be  a  stimulus  that  indirectly  leads  to  (genistein- 
sensitive)  signal-transduction  events  that  manage 
wound  healing.  In  addition  to  the  involvement  of  local 
growth  factors  in  cellular  reprogramming  (e.g.,  Sato 
and  Rifkin,  1998),  uPA  binding  to  its  receptor  may  also 
transduce  signals  to  the  cell  interior  independent  of 
plasmin  generation  (Andreasen  et  al.,  1997).  uPA- 
uPAR  interactions  induce  c-fos  gene  expression  (Dum- 
ler  et  al.,  1994),  whereas  pro-uPA  binding  to  the  u-PAR 
has  been  reported  to  inhibit  cell  cycle  progression  of 
HL-60  cells  (Howell  et  al.,  1994),  explaining,  perhaps, 
the  delay  in  proliferation  by  cells  of  the  migratory 
front.  The  role  of  uPA  in  migration  across  a  denuded 
zone  may  be  cell  type  related  (Pepper  et  al.,  1987;  Sato 
and  Rifkin,  1988;  Ando  and  Jensen,  1996)  and  appears 
complicated  by  differential  utilization  of  uPA/uPAR  vs. 
vitronectin/integrin  targets  as  PAI- 1-sensitive  motors 
(e.g.,  Chapman,  1997;  Loskutoff  et  al.,  1999).  Regard¬ 
less  of  the  precise  mechanism(s)  involved,  the  present 
findings,  using  the  complementary  approaches  of  mo¬ 
lecular  genetic  targeting  of  PAI-1  expression  and  res¬ 
cue  of  a  repair-deficient  phenotype,  strongly  suggest 
that  PAI-1  regulates  renal  epithelial  cell  motility  in 
response  to  monolayer  wounding.  The  associated 
changes  in  the  temporal  expression  and  site-specific 
localization  of  PAI-1,  moreover,  would  likely  influence 
the  stability  of  both  preexisting  and  newly  formed  cell- 
to-ECM  adhesive  complexes  (Ciambrone  and  McKe- 
own-Longo,  1990),  thereby  consistently  modulating  cel¬ 
lular  migratory  traits  over  the  time  course  of  injury 
repair  (Blasi,  1993,  1996,  1997). 
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